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NOMENCLATURE

Symbol 
Description

a Denotes a constant

a Defined by Equations (5.9)

A Denotes a constant

A Mobility matrix

B Damping matrix

C Denotes a constant

ca Modal damping coefficient

C Defined by Equations (5.50)

C Torsional and lateral connection, matrices (Equations
(5.17) and (5.56))

d Mass diameter

D Stiffness diameter

E Young's modulus

F External force on rotor

g Gravitational constant

G Shear modulus

H Angular momentum vector

unit vector

I Identity matrix

I Area or mass moment of inertia

I Defined by Equation (A-3)
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NOMENCLATURE (Continued)

Symbol Description

j Unit vector

J Area polar moment of inertia

J Transverse mass moment of inertia

k bnit vector

k Lineal spring rate

K Stiffness matrix or impedance matrix

Kn  Second derivative in cubic spline

Length between supports of simple rigid rotor or
length of a shaft segment

L Length of simple rigid rotor

m Mass

M External moment on rotor, internal bending moment in

rotor

Al Rigid body inertia

P Force vector

Q9 Torsional or flexural primitive vector

R Position vector

R Bearing reaction force vector

R Ellipse radius (major or minor)

s Slope of deflected rotor

S Defined by Equations (5.9) and (5.50)

T Intersegment or intrasegment connection matrix

t Time

X



~ ~ ~ ~ ~ ~ ~ ' .- , . . . .. . .. ... .. 77 , .

NOMENCLATURE (Continued)

Symbol Desc ription

u Real part of eigenvalue

v Imaginary part of eigenvalue

V Shear force in rotor

w Displacement in whirl coordinates

W Determinant (Defined by Equation 6.7).

w Defir.ed by Equations (5.50)

W Whirl coordinate transformation matrix

x Vertical coordinate system a:is

x Displacement vector

y Horizontal coordinate system axis

z Rotor spin axis

z Dy-amic stiffness (impedance) matrix

aInclination angle of orbit ellipse, modal subscript

fDefined by Equation (5.42)

y Defined by Equation (5.7)

6 Displacement of rotor center, distance from rotor
center to mass center, denotes variation ot a quantity

A t xial offset of rigid body inertia

Magnitude of error

Defined by Equation (5.48)

0 Euler angle, shaft slope, first derivative in cubic

spline

0 Coordinate transformation matrix

K Eigenvalue or constant in eigenvalue problem
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NOMENCLATURE (Continued)

[ Symbol Description

V Frequency of vibration

p Density of rotor material

ao Defined by Equations (5.11) and (5.52)

Shaft twist about z axis, Euler angle

_ Defined by Equations (5.9)

Coordinate transformation matrix

Euler angle

Coordinate transformation matrix

( Angular velocity component, rotor speed

W Angular velocity vector

Subscripts

1, 2, etc. Denotes elements of a vector, distinguishes among
constants

1, 2 Denotes major and minor axes

b Denotes bearing

f Denotes flexure

i Inner diameter

i, j Denotes elements of a matrix

J Denotes bearing station number

K Denotes segment

M Total number of segments used to model rotor

11 DeiIoLb dtbiLLaEy ilILerval in cubic spiine or
second derivative

SN Denotes bearing station number and number of
intervals in cubic spline A
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NOMFNCLATURE (Continued

Subscripts Description

o Outer diameter, equilibrium (unperturbed) condition

p Denotes pedestal or polar

t Denotes torsion or transverse

x, y Denots z-x and z-y planes respectively mtie

x, y, z Denote Cartesian componenLs of a vector

xy, xx, yx, yy Denote elements of stiffness and damping matrices

SKLi Defined in Equation (5.96)

ot Denotes a modal quantity

1Sup er-sc-!ts

( )' Denotes perturbation, denotes estimate, refers
quantity to a-n associateC coordinate system, denotes
derivative; or refers to right end of a segment

( )', ( ' Refers quantity to associated coordinate systems, or

denotes derivative

( ) Forward (corocational whirl)

( ) Backward (counter rotational whril)

(^) Either forward or backward whirl

( )- Denotes inverse of matrix

(') Differentiation with respect to time
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SECTION I

INTRODUCTION

The practice of employing numerical computation to study vibrations of

machinery has become a reality since Holzer's classical work in 1921

lii . Understandably, during the earlier days when electronic digital

computation equipment was not available, only the relatively simple

torsional problem was considered. Two decades passed, whe:i Myklestad's

treatment of the lateral vibrations of a beam-like stL-ucture [2 was

first formulated to study airplane wings. This important event took

place when many of the finest minds in the history of modern technology

were devoted to the engineering of the earthbound flying machine. It

was rather remarkable that this development took place at all when

digital computing equipment was of the electro-mechanical type and its

memory capacity was mainly limited to a single register. Although the

fundamental matrix methods were already available, their execution was

done literally by hand, including the process of recording intermediate

numbers. Adaptations of Myklestad's method to calculate critical speeds

of a flexible rotor was soon proposed by Prohl [3]. By this time, most of

the important elements in the computation methodology of machinery vibra-

tion were fully established. In the following years, the technological

impacts of modern, high speed, digital, electronic computers were

felt in all phases of engineering activities. Use of such computers in

rotor dynamics studies is now routine. Engineers of the present genera-

tion are unburdened of the drudgery of computation chores.

The peculiar role of fluid-film bearings in the dynamics of a high speed

rotor was first expounded by Newkirk in the mid 20's [4, 51. Since then,

journal bearing related instability of a rotor received attention from

many investigators [6, 7, 8]. Designation of elastic and damping

properties to study oil-film journal bearing effects on rotor vibrations

was formally proposed by Hagg and Sankey [9). In this respect, due to

cross-coupling and anisotropic effects, dynamics of a rotor-bearing

system assumed a higher degree of complexity than other problems of linear

vibration in both physical concepts and computation procedures. Since

r.latively small lateral motion may represent a large fraction of the

2K



radial clearance of a fluid-film bearing, interests in non-linear bearing

effects soon developed. Unfortunately, only specialized topics in non-

linear mechanics can be treated with any degree of thoroughness [i.0,

iL, 12, 13]. Many attempted to utilize direct integration to study
transient problems of rotor dynamics. Effectivene s of the latter approach is

still a matter of much controversy. Lack of total success .'n its

advocacy may be attributed to the following:

o Numerical algorithms for direct integration require attention

to control truncation error to avoid numerical instability.

Proper implementation of this method to a realistic problem is

generally quite costly.

o Unless addressed to solve a problem for which some non-linear

feature of the system is particularly piominent, the results of

integration are disappointingly inconsequential. It is actually

quite difficult to identify a worthy non-linear problem.

o Uncertainties in the operating conditions of the fluid-film

bearing (e.g. bearing clearance, lubricant temperature, and

effects of feeding) often over-shadow improvement of accuracy

which may be related to non-linear effects.

While earlier studies of dynamic fluid-film properties were restricted to

rigid body motions of the rotor, a major step forward in the technology

of rotor-bearing dynamics was advanced when a series of technical reports

and associated computer software were published under the sponsorship of the

Air Force Aero-Propulsion Laboratory, Wright-Patterson Air Force Base.

This set of documents, known as Rotor-Bearing Dynanmics Design Technology

AFAPL-TR-65-45, consists of ten technical reports and ten computer

programs, which are respectively listed in Tables I a-ad 2. Within

the realm of a linear characterization of the support bearings, the

flexible rotor can thus be analyzed not only to obtain the critical

speed characteristics, but also to predict unbalance response, stability

threshold, and parametric excitation with allowances for cross-coupling

2



TABLE 1

TECHNICAL REPORTS

CURRENT ROTOR-BEARING riYNAMICS DESIGN TECHNOLOGY

SERIES '.APL-TR-65-45

PART NO. PART UB-TITLE AD NO.

I State-of-the-Art 466390

II Rotor Stability Theory 466391

III Design Handbook for
Fluid Film Bearings 466392

IV Ball Bearing Design Manual 466393

V Computer Program Manual for 470315

Rotor Response and Stability

VI The Influence of Electro- 822401

magnetic Forces on the

Stability and Response of

an Alternator Rotor

VII The Three Lobe Bearing and 829895

Floating Ring Bearing

VIII Spiral Grooved Floating Ring 852998

Journal Bearing

IX Thrust Bearing Effects on 872980
Rotor Stability

X Feasibility Study of Electro- 869324

magnetic Means to Improve the
Stability of Rotor Bearing Systems

,T.. A Lypical example identifying a part is:

XAFAPL-TR-65-45, Part I, "Rotor Bearing Dynamics Design Technology,

State-of-the-Art", AD No. 4E'390.

3

MYI



TABLE 2

COMPUTER PROGRAMS

CURRENT ROTOR-BEARING DYNAMICS DESIGN TECHNOLOGY SERIES

AFAPL -TR-65-45

AFAPL/SFL
PART NO. PROGRAM USE PROGRAM NO.

V Rotor Stability 100

V Rotor Unbalance Response 101

IV Static Ball Bearing 102

VI Rotor Response with EMF 103

VI Rotor Stability with EMF 104

Vil Hybrid Journal Bearing Performance 105

VII Three Lobe Bearing 106

VIII Floating Ring with Herringbone 106

VIII Herringbone Journal Bearing 108

IX Rotor Stability with Thrust Bearing 117

4kIL _ _ _ -2~ 6



and anisctropy. Throughout the passing years, this approach for rotor

dynamics analysis has gained widespread acceptance. In the meantime,

some new trends of technolo;;ical development evolved; an improved

analytical treatment of non-conservative (damped) rotor-bearing systems

became known [14], and understanding of usors' interests (of Rotor-Bearing

Dynamics Design Technology) increased through experience.

As a part: of an ongoing contract with the Air Force Aero-Propulsion Laboratory

to update the Rotor-Bearing Dynamics Design Technology, this report covers

the topic of Flexible Rotor-Bearing Dynamics. It will supersede the reports

AFAPL-TR-5-45, Parts V and IX (AD No. 470315 and 872980), and the computer

program described in Section III will replace AFAPL-SFL Programs No. 100,

101, and 117.

Essential improvements over the original version include the following:

o Distributed analysis is used. User is not required to subdividp a

long uniform shaft segment to control accuracy.

o Local inclination (shaft slope) may be designated as an independent de-

gree of freedom (in addition to deflection) in the lateral shaft motion.

o Both angular and lineal stiffness and damping coefficients may be

assigned to each bearing.

o Vibration frequency may be specified by the user to be different

from the shaft rotational rate.

o Effects of bearing modification and/or relocation can be studied

with a single input setup.

o Condition of stability is established for all natural modes in a

user specified frequency range. Quantitative indication of the

stability condition is expresspd in tprms of the critical daip-

ing ratio of each natural mode.

Z
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o Forcing function can be designated as a force system and/or a

moment system at each external-excitation station,

o The forcing function can be either stationary or rotating.

o In a damped response analysis, the damped resonance is auto-

matically searched for within the specified frequency range.

Section II contains a description of the capabilities of the new rotor

dynamics computer program. section III is the User's Manual, including

instructions and examples. An overview of the theory upon which the

program is based is given in Section IV. The theory itslf is presented

in Section V, which contains complete derivations of the analytical basis

of the program. Section VI gives attention to the special eigenvalue

analyses employed in the new program. A derivation of the small inclina-

tion gyroscopic d'Alembert effect is included as Appendix A because there

is no other convenient reference for this information. Appendix B

covers the various uses of the spline curve-fitting scheme, which is

employed in the real and the complex eigenvalue algorithms. Appendix C

contains the listing o the source program in FORTRAN.

6)
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SECTION II

ROTORDYNAMIC ANALYSIS AND CAPABILITIES OF TIE COMPUTER PROGPAM

The primary objective in the performance of rotordynamic analysis is to
establish whether or not conditions of hazardous vibrations can develop

to threaten the safe operation of the machine. 'the analysis presented in I

this report and the accompanying software cover synchronous and asynchronous

passive responses as well as self-excited shaft whirls.

T.1are I illustrates the role of rotordynamic analysis in a typical

rotor engineering effort. In this diagram, the total analysis effort is

divided into three steps. Step I analysis deals with the determination

of potential resonances with obvious excitation sources; e.g., mass un-

balance and gear mesh compliance. This is the minim; -n step which should

be carried out in the evaluation of every new design. Generous variations

in bearing support stiffness estimation should be allowed since the

resonance frequencies of the lower modes can be quite sensitive to the

precise values of the support stiffnesses. If little likelihood of

resonance is revealed, subsequer,. steps of analysis may not be necessary.

If undesirable 2sonances are uncovered, consideration should be given to

alterations of shafting construction, bearing sizing, and/or bearing re-

location to separate the applicable natural frequencies and speed-related

excitations. Step II analysis would be performed when near-resonances

appear to be unavoidable. Damped response amplitudes are sought. Com-

plete characterization of the bearing supports should be incorporated, in-

cluding damping coefficients and pedestal compliance where applicable.

Balancing limits should be acc)rdingly established to ensure ample safety

margins. Step III analysis deals in part with self-excited shaft whirls.

Various "obscure" factors can cause self-excited shaft whirls; the most

commonly known one is the cross-coupling effect of fluid-film bearings.

The need to perform Step III analysis largely depends on past experience

with similar designs. It is necessary to be able to characterize with

tsufficieiL realisa Lihe relevauc exciLaLion sources to make this analysis

meaningful. One should particularly pay attention to induced forces

-7
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associated with small clearance impellers, flow leakage seals, and

conditions of magnetic gap.

The computer program described in this report enables the user to perform

all the rotordynamics analyses mentioned above. In addition, the program

has unique capabilities that allow the user to "customize" his analysis

to address the topics of greatest interest. In the remainder of this

section, a genera' description of the capabilities of the program are

given. The material in this section, plus that in Section III (which is

the "User's Manual"), should be sufficient for use of the program. The

reader is referred to Section IV for a more detailed discussion of the

topics covered in the present section. The mathematical foundations for

both sections are given in Section V, VI and in Appendices A and B.

2.1 Modelling of the Rotor

The rotor is modelled for the dynamic analyses by dividing it into numerous

segmeits. Typically, the segments will lie between cross-sections where

changes in shaft diameter or shaft material occur. In addition, segment

length will be determined by the location and size of impeller/turbine-

discs, or be terminated at places along the rotor length where excitation

forces can be imposed or vibration displacements are of interest. It

should be noted that the analytical basis of the program employs, within

each segment, the exact bending solution for a constant cross-section beam.

As a result, the user need not subdivide such portions of the rotor for

increaser accuracy. This characteristic is one of the features of the

program.

Stations are cross-sections along the rotor where segments join.

Stations not only locate all segment connections, but also locate bearings,

excitation points, points for displacement results, and points of reference

for representing rigid body inertias. Although the user must define

Su....nt.t.tions to dsrl- his LoLur, ihe analysis procedure does

not have to work continuously with all of the stations employed. The

9
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user will typically select a subset of these stations when his program

is run. This subset (called the "action" or "excitation" stations) will

include only those stations at which

o bearing damping or bearing anisotropy are to be considered

o bearings are to be added, removed, or have stiffness values

change with speed or frequency

o excitation forces or moments are to be applied

o the results obtained for the motions of the rotor are desired.

The size of this subset of rotor stations influences the computer time

required for completing the analysis of the rotordynamics. Because the

size of the subset typically will be much smaller than that used in

representing the rotor, significant cowputer economy can be achieved. The

ability to employ only a few such stations is another of the features of

the program.

2.2 Representing the Operational Speed and Frequency Range

The computer program employs a frequency domain, forced response rotor

dynamics analysis. In this, the results obtained for critical speeds,

response, stability, etc., are based on separate calculations made at

discrete vibration frequencies and associated rotor rotational speeds.

The user is required to specify these speeds and frequencies. Most

generally, he can direct the program to employ a number of rotor speeds

and, at each speed, to employ a number of frequencies. (For critical

speed and unbalance response calculations, the situation is simple

since each speed is associated with an identical frequency). The results

obtained will be dependant on the speed-frequency choice. The rotor speeds

must be those at which the rotor will run or must cover the range in

which vibrational problems occur. The frequencies must likewise cover

the range in which vibrational problems occur. For example, in a

critical speed calculation, the frequency range (and associated rotor

speed range) defines the frequency limits within which Uhe criLicais will

be found. In a stability analysis calculation, the frequency range (at

a given rotor speed) defines the frequency limits within which an unstable

mode can be found.

10
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Because the method of "cubic spline" (see Appendix B) is used to determine

the root(s) of the characteristic determinant, accuracy of the calculated

natural frequency and the mode shape is somewhat sensitive to the choice of

the frequency range and the number of frequency points within the frequency

range. Experience has shown that a range of 20 percent of the lowest natural

frequency should be satisfactory. The number of frequency points should be

between four and seven. In many cases, four points are quite adequate. A

large number is desirable if two modes are expected to be contained in the

designated frequency range. Very little gain in accuracy can be achieved

with more than seven points while computation time would be significantly

increased. Accuracy of the results can be verified by repeating the calcula-

tion with the same number of frequency points along with a smaller frequency

range and noting the magnitudes of any changes in the results.

2.3 Representing the Characteristics of the Bearings

Since bearings can influence significantly the dynamics of the rotor, the

computer program has been formulated to treat the rotor bearings in a

convenient and economical manner. The program first calculates the

dynamic characteristics of the rotor using nominal bearings*. This

calculation is termed Level I. The program then accepts bearing

characteristics that can be anisotropic and that include damping. These

characteristics can vary with frequency and with rotor speed. The

associated calculations are termed Level II. In effect, in Level II the

dynamic properties of the rotor-bearing system are developed from those

of Level I for the rotor itself. The economics associated with this

technique can be significant, since the Level I calculation is not done

repeatedly in an analysis. This technique is, consequently, another

feature of the computer program.

In use, the user provides to the program, for each bearing, the value

for its nominal stiffness and the values for those actual characteristics

which are appropriate in the situation under consideration. For the

actual bearing characteristics, each bearing can be characterized at

each spee ac by as ma.aiy as 16 quuuLiLies. The detailed

description of these quantities is given in Section 4.2.4 of this report.

*These nominal bearings are isotropic and contain no damping.
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2.4 Producing the Rotordynamics Analyses

Depending on the input setup beyond Level I, the computer program allows

the user to produce five different analyses for lateral (bending)

vibrations of the rotor-bearing system. Each analysis or run mode is

described separately below.

2.4.1 Critical Speeds

Critical speed analysis concerns resonance with mass unbalance.

Three restrictive conditions are imposed internally in the computer

program when this run mode is selected. Firstly, the excitation

frequency is set to be the same as the rotational speed in consistent

units. Secondly, anisotropy in the rotor system is ignored. Finally,

non-conservative aspects (i.e. damping) in the rotor system are ignored.

Upon finding each critical speed, the normalized mode shape is

calculated and printed out, The critical speeds can be determined

with the input set up for an idealized rotor model, for which bearing

characteristics are assigned as a set of isocyopic springs. Since

it is desirable to know how the critical speeds vary with bearing

stiffniess, the calculations can be repeated for new sets of bearing

stiffness data with the aid of impedance alteration.

2.4.2 Unbalance Response

To obtain damped unbalance response, the user must provide bearing

characteristics at each speed according to the most general format

and forcing functions in terms of mass moments. The computer pro-

gram automatically checks whether or not anisotropy is present then

makes allowance for response elli~ticity where appropriate. The

relative phasing of mass moments among various planes can be

assigned by the user. The computer will internally set the forcing

I JZ ~L~ .L. - LL6 LYF pe LLL , J nput en.LLA

Calculated response will be presented as orbit parameters at each

of the active stations at speed points specified in the input.
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The computer will automatically search for one or more damped

critical speed(s) within the specified speed range and compute the

corresponding response(s).

2.4.3 Asynchronous Resonances

To determine asynchronous resonances, the user specifies the range

of asynchronous frequencies of interest at each rotor speed. He

also has the option of specifying bearing support characteristics

at each speed-frequency combination. As in the critical speed

calculation, non-conservative aspects of the rotor are neglected;

however, isotropy is not presumed. The asynchronous resonance mode

shapes are calculated along with the natural frequencies. Where

isotropy is noL preserved, the mode shape is described in terms of

orbit parameters.

2.4.4 Asynchronous Response

This run mode is to Asynchronous Resonances as Unbalance Response

is to Critical Speeds. There is,however, an additional parameter

available to the user to specify the character of the forcing

function. Asynchronous excitation may be encountered either in tne

form of a space fixed system or a rotating system. Gear mesh

excitation, partial inlet nozzle, and flow blockage all represent

space fixed asynchronous forcing s7rtems. Rotating forcing systems

are less common; one example of the latter is an unbalanced rotating

stall of a compressor stage. For this reason, the user is allowed

to identify whether the forcing function is space 'ixed or

rotating. Again, asynchronous damped resonance is automatically

searched within the user-specified frequency range and the response

at the corresponding condition is calculated in addition to those

at user-specified frequencics.

2.4.4 Stability Analyses

Stability analysis is performed at each user-specified speed by

13
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searching for non-conservative natural modes in user-specified

asynchronous frequency ranges. The critical damping ratio is

determined along with the natural frequency. A negative critical

damping ratio indicates instability. The normalized mode shape of

each mode is printed out in terms of orbit parameters at the active

stations.

14
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SECTION III

DESCRIPTION OF COMPUTER PROGRAM

This section constitutes a manual for use of the rotordynamics prcgram.

It first describes, in detail, the input data and then discusses the output

provided by the program. Examples of both input and output are also given.

3,1 Input Data

Input data consist of job title, rotor geometry, material properties,

bearing characteristics, dynamic characteristics such as shaft speeds, vi-

bration frequencies and types of excitation, and kinds of dynamic analyses

to be performed.

Depending on the particular type of analysis required, the input information

may vary. Data cards in sequence and their specifications are listed in

the following. Each integer must be right-justified in its field.

In Level I input (Cards 1 - 13) specify shaft geometry and speed frequency

combinations at which subsequent calculations will be carried out. (Cards

2 - 9) specify geometrical, physical and material modelling parameters of

the shaft, (Cards 1, 10 - 13) specify the bearings and speed frequency com-

binations. Card 14 contains control parameters which relate to the type

of analysis desired. Cards 15 and 16 deal with additional data (Level II)

which, together with structural characterization furnished by Level I input,

complete the dynamic specification of the total rotor system. Card 17 al-

lows entry of user-specified conditionq to initiate the iterative computa-

tions required of a non-conservative rotor system.

The term "Card" as used for the input data description refers, in general,
to a set of input cards. For example, Card 4 is a set of individual cards,
one for each shaft segment.

15



Card 1 -- Number of Speed Groups and Execution Level Control

Column 1 - 5: NCASE, FORMAT (15) - A positive integer that indicates

the number of speed groups to be run

for a single set of data (Cards 2 - 9).

Cards 10 - 13, 15 - 17 are to be

repeated for each speed group to

specify further speed-frequency con-

binations and associated Level II

bearing revisions and forcing functicn

designations, within each speed group.

If NCASE is set to zero, omit Cards

2 - 13; execution will skip to card

14 using the user-furnished data file

on Tape (10), which should contain

previously generated Level I interim

output (See KRUN).

Column 6 - 10: R FOPRMAT (15) - Execution level control.

0 - Data (Cards I - 13) are stored on

Tape (10) for further runs with Level II

altLrations, execution then stops.

(Run Level I only).

I - Level I data are stored on Tape

(10) as above and execution proceeds

normally with (Card 14) and any other

Level 11 alterations (Card 15 - 17).

(Run Level II).

16 K
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Card 2 - Title Card

Column I - 16: IDENT, FORMAT (4A4) - 15 character job identification code.

Last character in the allowed field

(Column 16) should be a blank for

visual separation from TITLE.

Column 17 - 80: TITLE, FORMAT (16A4) - 64 character job title.

1
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Card 3 - Rotor Model Parameters,.Action Stations, and Printout Control (FORMT (1615))

Column 1 - 5: LSEG-- Number of shaft segments (maximum 75).

Column 6 - 10: LMAT - Number of different materials of which the rotor

is composed.

Column 11 - 15: LMAS - Number of lumped mass stations; e.g., disks,

collars and impellers.

Column 16 - 20: LBEA - Number of bearing stations (maximum 4).

Column 21 - 25: LTYP- Type of vibration of the rotor

1 torsior vibration

2 bending :ation

3 both

Column 26 - 30: LEXI- Number of action stations (maximum 20). A

geometric station may represent two action

stations, see Card 9.

Column 31 - 35: LPRTI - Level I bearing printout control.

0 - default, printout bearing data

-1 - supress bearing data output

18
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Card 4 - Geometry of Shaft Segments, FORMAT (15. 5X, 5F10.0). One Card 4

must be included for each shaft segment; therefore, the value of

LSEG on Card 3 equals the number of Card 4's to be included in

the input deck.

Column I - 5: L - Shaft segment index; number (I through LSEG).

Column 6 - 10: Blank.

Column 11 - 20: X(L) - Length of the L-th segment (inches).

Column 21 - 30: DI - Stiffness I.D. (inches).

Column 31 - 40: D2 -Stiffness O.D. (inches).

Column 41 - 50: D3 - Mass I.D. (inches).

Column 51 - 60: D4 - Mass O.D. (inches).

NOTE: D3 and D4 cannot be equal,

01
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Card 5 -material Properties, FORMAT (215. 3E10.4). Ine zard most epvid

for each different shaft material; therefore LIMAT cards must ae

provided.

Column 1 - 5: NMAT -Material index number (1 through LMAT).

Column 6 - 10: N - Station number of new material (N trust tequal I on

the first Card 5

Co-'.imn il - 20: DO - Dens ity T./.v

Column 21 - 3n: E- modtng 4 ;l,10(!1..1-q (. .

Colil"'n 'I !O h'~'~'u b
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Card 6 P!hysical Properties of Lumped M]ass Stations. F0RIMAT (MT. 4F10.0)
LMAS cards must be provided (Card 3)

Column I - 5: L - Lumped mass index number (1 through 1.MAS).

Column 6 - 10: -Station number of thle L-th lumped mass,

(;UutIau 11 - : ' Weigl~t Of th- L.-LhI 1uiiped maSt ( ~

Column 21 -30: P0.) Polar inertia of the L-th lumped mass

(lb.- in.2)

Column 31 -40: TWlI- Transverse inertia of the L-ti, lumped mass

(lb.- i.j

Column 41 -50: YQJ - Jffset of C.(;. of tli- L-th lumped mass,

measured from station N3(L) (inches).



Card 7 - Physical Properties of Bearing Stations, FORMAT (215, 6F10.0),

LBEA cards must be provided (Card 3)

Column 1 - 5: L - Bearing index number (I through LBEA).

Column 6 - 10: N5(L) - Station number of the L-th bearing.

Column 11 - 20: D5(Ll) - Vertical (along x) misalignment of the L-th

bearing (inches).

Column 21 - 30: D5(L,2) -- Horizontal (along y) misalignment at the

L-th bearing (inches)

Column 31 - 40: S5(L,I) - Vertical static lineal stiffness of the

L-th bearing (lb./in.)

Column 41 - 50: S5(L,2) - Horizontal static lineal stiffness

(lb./in.)

Column 51 - 60: T5(Ll) -Angular stiffness of the L-th bearing,

in the vertical plane (in.-lb./rad.).

Column 61 - 70: T5(L,2) - Angular stiffness in the horizontal plane

(in.-lb./rad.).

The above bearing data are primarily for determining the load distribution

among bearings due to gravity and due to bearing misalignment. They are not

used for critical speeds or response.
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Cara 8 Action Stations, FORMAT (1615)

Maximum 2 cards (20 stations); LEXI data values must be provided
(Card 3). A geometric station may be repeated to designate
both lineal and angular actions, see Card 9.

Column 1 - 80: N8(1), 1 - LEXI - Station number of excitation point.

Since the computer program is based on the distributed analysis of shaftsegments, only stations which are important and significant for investigatingmode shapes and for assigning mass unbalance or external loads need to beassigned as action stations. Bearing stations, heavy lumped inertia stations,stations with external excitation, and stations where vibration motionsare of interest usually fall into this category. The number of actionstations should be as small as possible but should include bearings and endstations. Generally 4 to 7 stations are used. If floating number exponentoverflow occurs (this often happens on a single precision computer) reduce
the number of action stations.

2i3
S23 1



Card 9 Action StationCapib1]ity FORMAT (1615)
Maximum 2 cards (20 stations), LEXI data values must be provided

(P "rd 3"

ju.lumn " 80" 1(1, I "  
LXI Excitatoon type associaz.tj wrtj each

a(LLonI SLat.lon specified or, Card 6.

Actiop -cation capability characterizes both inpu# and dut at the station:
e.g., lateral force type denotes force input and/or deflection output.
LateraL moment type denotes moment input a:rd/or slope outptt.

'Ine tv,-.., f excitation .s d.signried a, follows.

Torsional L ateral LateraI----- Moment Force Moment

2 X 
-

3 _ X
4 

X
5 X X
6 X 

X
7 

- X X
8 X X x

Note: Total degree& of freedom must not exceed 40. Each lateral force type
,: a lateral moment type action statio:. is assigned two degrees of

freedom, whije each torsional moment type action station Ls given a
single degree of freedom. For example, if K8(L) = 6, the L-th action
station has a total of 1 + 0 + 2 =3 degrees of freedom.

2L
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the number of sets of cards 10 -13 must equal the value of NOASE on
Card 1.

Card 10 Run Mode Control, FORMAT (15)

C2olumn 1 5- LRUN Wvnchronism indircat-r

-;ynchrconous frequency

*i synchro'nous frequency

'RUN In card 7-4 of input rn-'t b~e ,--isiIstent wtib the
value of LRUN entered here.

V
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Card 11 - Speed Loop Range, FORMAT (215, 2FI0.O)

For IRUN = 1 or 2 in card ]4, LRUN in card 10 must be set to 1,

and it is necessary to select a speed range over which analysis is

to be conducted and the number of speed points (maximum of 11) of

which the range is comprised. A number of speed groups may be

used as designated by NCASE in card 1 to cover a large speed

range by several speed groups. The speed ranges of various speed

groups may overlap or be consecutive or be separated. IFRE would

be defaulted internally to a value of 1.

For IRUN = 3, 4, or 5, in card 14, LRUN in card 10 must be set

to 0; the rotor speed is constant and therefore the number of

speed points is 1 (within each speed group). Under this condition

a number of different frequency ranges (other than running) each

consisting of a number of frequency points (maximum of 11) Way be

selected to investi-ate the asynchronous frequeIcies. Selection

must be made, therefore, of speed groups, speed points (always 1),

frequency groups, and frequency points.

Column 1 - 5: 17 - NumIbEr of speed points to be run in each speed group.

This determines the number of times the set of cards 12 - 13 are

to be repeated as a pair within each speed group (cards 10 - 13).

Column 6 - 10: IFRE - Number of frequency groups at each speed point

specified by 17 above (cannot uzceed 5).

Column 11 - 20: SPEl - Lower bound of the speed range.

Column 21 - 30: SPE2 - Upper bound of the speed range.

26



Card 12 - Nominal Dynamic Bearing Stiffnesses, FORMAT (215, 2F10.O),

Total number of cards must equal LBEAx17.

Column I - 5: L- Bearing stations index number (1 through LBEA).

Column 6 - 10: 16 - Input control of dynamic bearing data;

1 continue data entry

0 denotes last data card for current speed group and

allows subsequent omission of further repetition of

card 12 if bearing data do not vary within a

speed group.

Column 11 - 20: XS(L, 1) - Lineal bearing stiffness (lb./in.) for Level I

Column 21 - 30: XS(L, 2) - Angular bearing stiffness (in.-lb./rad.) for

Level I only.

The core of computations lies in the speed (outer) and the frequency (inner)

loops. The shaft-speed dependent bearing data are entered within the speed

loop.

17
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Card 13 -Frequency-Loop Range, FORMAT (215, 2F10.O)

Total number of cards must Pequal TFREx17 for each speed group

(card is omitted if LRIN =1).

Column 1 -5: J - Frequency group index number (1 through IFRL;.,

Column 6 -10: 18 - Number of frequency points of the frequency loop.

IColumn 11 - 20: FRI-Low-& bound of the frequency range.

Column 21 - 30: FR2 Uppe~r bound of the frequency range.

28
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Card 14 Run Mode Control Parameters for Level H, -ORMAT (1615)

One card ftor each input setup.

Column I - 5: IRUN- Run mode indicator

I compute critical ,peeds

2 determine unbalance response

3 compute natural icdes of asynchronous

resonance

4 determine asynchronous response

5 perform stability dnalysis

The allowable value for IRUN must be compatible with

the value of LRUN in card 10 as indicated by check

marks in the following table.

LRUN 13 4 5
0 / /' /

The program automatically solves the real eigenvalue problem in the specified

frequency/speed range for IRUN = 1 and 3. For !RUN 2, 4 and 5, the complex

eigenvalue problem may be treated according I.o the value assignei to IGEN

(column 26 - 30 of this card).

Column 6 - 10: ITYPE - Type of shaft motion due to excitation.

0 whirling

I space fixed

(Internally defaulted to 0 for IRUN 3, 2, 3)

Column 11 15: IBRG - Number of bearings to be revised.

The program allows the bearing data used in Level I to be altered. This

parmits thu modelli-ng ot anisotropic bearings and bearings having damping,

and also permits bearing replacement and the interchange of bearing stations.

29



Column 16 - 20: IPRI -Controls output of Level II bearing data and

excitation force.

0 prints our bearing dat, and excitation force

at each speed point

-1 suppresses printing of bearing data and excita-

tion force

Column 21 - 25: IDIAG - Diagnostic output control

0 no diagnostics

2 complete diagnostics

Column 26 - 30: IGEN - Controls number of damped natural modes to

be found in the complex eigenvalue computations.

0 the complex eigenvalue vector subroutine will

be bypassed and no complex roots will. be sought.

(IRUN = 2, 4, 5)

<0 IIGENI damped natural modes will be sought and

iteration diagnostics will be furnished.

>0 IGEN damped natural modes will b. sought

without diagnostics output.

Column 31 - 35: ISLO - Controls iteration criterion and speed,

0 yields normal iteration
iSLO

>0 convergence criterion is multiplied by 10
7 -TSLO

<0 convergence criterion is multiplied by 10

and iteration stepping for damping is decreased by
2SLO

NormaLly Set to zero. if iteraLiol OSCiiiidLS 01 doCS'.

not converge, yet a damped natural mode is expected within

speed group, try ISLO equal to I or -]. Absolute value

of ISLO should not exceed 3 and rarely be as high as 2.

30



Fr Column 36 -40: IBEG -Al lows user input of starting values fur comiplex
eigenvalue iterations.

O use internal logic to determine starting values.p Omit card 17.[ -1 read iteration starting values from card 17.
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7 ___ _____ 71f W77___

_ard '5 evision of eariig .oefficierts Control, FORMAT (413)

'RRG cards must 'i provided for o'ach speed frequency combination.

• !olumn I - 5:v - 1ering Index iumber (1 through 'BEG).

'X1umn '> -. 10: NBRG Station number ;f bearing to he revised.

Column II - 15: KBRG - New bearing type

1adia! '! ineal)

2 angular

Column 16 - 20" IREV Revision data control

0 use previous data, bypass Card 15A

I read card 15A

Card 15A - Revision of Bearing Coefficients, FORMAT (8EI0.4)

IBRG cards must be provided for each speed-frequency com-

bination (card is omitted if IREV (Card 15) = 0).

Column 1 - 80: KXX, BXX, KXY, BXYW, KYX, BYX, KYY, BYY - Bearing

coefficients; their idertifications are:

First Letter: K, stiffness coefficient

Unit: lb./in. (lineal bearing),

in. -lb./rad. (angular bearings)

B, damping coefficient.
Unit: Ib.-sec./in. (lineal bearing)

in.-lb.-sec./rad. (angular bearing)

Second Letter: Reaction coordinate.

Third Letter: Displacement coordinate.
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71-7

Card 16 - External Excitation Sources, Control FORMAT (215)

One card must be provided for each speed-frequency combination

(this card and cards 16A, 16B and 16C are omitted if IRUN=I, 3,

or 5 on Card 14).

Column 1 - 5: IFORCE - Number of excitation planes excited.

Column 6 10: IFDATA - Force data input control

0 use previous data and omit

Cards 16A - 16C.

1 read Cards 16A - 16C.

Cards 16A - 16C- External Excitation Sources

One of each card must be provided for each speed-fL:cqu ency

combination (cards are omitted if IRUN 1, 3 or 5 or ii

IFDATA = 0)

Card 16A - FORMAT (1615",

Column i - 80: NFORCE(1). I 1, IFORCE- Station number oZ the

I-th excited station,

Card 16B FORMAT (1615)

Column i - 80: KFORCE(I). I I, IFORCE- Excitation type

I lateral force

2 lateral moment

For IRUN = 2 KFORCE must be = I

e For !RUN =! KFORCE may be 1 or 2

Card 16C- FOR AT (4EI0.4)

Column 1 40: KL Gj, 2,, G2- Excitation components

First letter F component in-phase with time reference

G component leading time reference by 90 degrees

Second letter 1 forward rotation (whirl) (ITYPE = 0; i.e., ro-

2 backward rotation (whirl) tating excitation)

(backward rotation would be applicable

to coun:(;r rotating shafts)
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Card 17 -User Furnished Starting Values for Complex Ei genvalue Iterations,

FORMAT (2E20.4)

These cards are required if IBEG (card 14) - -1 and if 1GENp(card 14) # 0. jIGENI cards must be supplied for each iteration

set. An iteration set is a speed group for TRUN = 2 or a

frequency group for [RUN -4 or 5.

Column 1 -10: FBRG - Iteration starting frequency.

Unit: Hz

CBRG - Iteration starting damping coefficient.

Unit: Zb.-sec. /in.



3.2 lop t Samples

The input ,,!mples are based on a model rotor which was preiously analyzed and

tested by Tonnesen and Lund 115]. The model rotor is 46.85 inch (1190 mm)

long and Lts total weiglt is 413.32 lbs. The shaft is divided into 32

segments with 18 inertiai stationb and 2 bearing stations. A scaled outline

of the model rotor if shown In Figure 2. In the dynamic analysis, 4 action

stations are choset ; they include 2 bearing stations and 2 inertia stations.

The original rotor is supported by two identical fluid-film bearings of the plain

journal type. Each bearing has a radial clearance of 0.00181 inch, a bore

diameter of 2.468 inch and a length of 0.74 inch. The pedestal supports are

considered :e rigid. The dimensionless dynamic coefficients of this bear-

ing have seen kindly furnished by Prof. Lund and are listed in Table 3. Fluid

viscosity of 3.349 cp is used in the sample calculations.

The present section will describe the setup of the input cards for solving

various rotor dynamics problems. Emphasis here will be placed on illustrating

the contents of the setups. In some studies, it is necessary to run the

program several times. The input data of the next run will necessarily depend

on the results of the previous run. Thus, in order to give the rationale for

selecting the particular content of input data, occasional reference will be

made to relevant pirtions of output data which is to be presented later in

Section 3.4.

3.2.1 Critical Speeds (IRUN 1)

As ball bearings Ere commonly used in many rotor systems, the critical

speed calculation will be illustrated with the original fluid-film

bearings replaced by a pair of deep-groove ball bearings. The stiffness

coefficients were computed by a separate computer program prepared for

the USAF under the same contract [161.

A complete set of input cards for the determination of a critical

speed of the ball bearing rotor is shown in Table 4. Due to preload,
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the ball bearing is essentially isotropic. Damping is usually negligible.

Body forces on the rolling elements alter the contact complianc o between

each rolling element and the races, therefore the stiffness of the ball

bearing is somewhat speed dependent. Thus a ball bearing support can

be modelled as an isotropic spring with a speed dependent stiffncss and

can be completely specified at Level £ (card 12). Subsequently, at

Level 2, it is not necessary to revise dynamic bearing data (IBRG = 0

in card 14). It may also be noted that the static bearing stiffness

values are left as zero because they are used only to calculate the bear-

ing load distribution, which is independent of the stiffness values in

a two bearing rotor system.

3.2.2 Unbalance Response (IRUN 2)

To allow safe operation above one or more critical speeds, a popular

trend is to damp-mount a ball bearing rotor. A damper, in parallel

with a centering spring, is installed around the outer race of the ball

bearing. The centering spring should be soft enough to allow the damper

to function effectively; at the same time it shoulu be stiff enough to limit

eccentricity of the rotor from becoming excessive. The utibalance response

analysis will illustrate the use of damp mounting of the ball bearing

rotor consideree& above. The stiffness of the centering spring is

chosen to be about 1/4 of that of the ball bearing. For the present

purpose, 800,000 lb./in. and 200,000 lb./in. are respectively assumed

to be the stiffness values of each ball bearing and of each centering
spring.

Before proceeding to caleulaLe unbalance response of the damp-mounted

rotor, it is first necessary to determine the critical speeds of the soft-

mounted rotor. A Level I analysis is performed for this purpose. Ground-

to-rotor stiffness value at each support point is 160,000 lb./in., which

is arrived at by adding the compliance values (reciprocals of the stiffness

values) of the ball bearing and of the cen~ter[n spring to get the overall

compliance. The input set-up for the Level I analysis of the soft-mounted rotor
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is given in Table 5. Those portions of this input deck which are the

same as those in Table 4 are omitted to save space. A single speed

range of 2000-9000 rpm is used for this study.

An examination of locations oi sign reversals of "co-rotational end

determinants," which have been determined by the Level I analysis, re-

vealed critical speeds to be near 4350 rpm and 7000 rpm. Unbalance

response analysis is therefore set up for two speed ranges; namely

4000-5000 rpm and 6000"8000 rpm. The damper is assumed to be the

viscous type and its damping coefficient is assumed to render a rigid

rotor critical damping ratio of 0.2 at 1,500 rpm. The effective values

of ground-to-rotor stiffness and damping coefficient should both be

speed dependent according to Section 4.2.4. The degree of speed de-

pendence of the effective stiffness coefficient turns out to be quite

small; that of the effective damping coefficient is somewhat more

significant but can still be neglected within each speed range. There-

fore, the dynamic bearing data for Level II calculation i-. given a

constant isotropic stiffness coefficient and a constant is,.tropic

damping coefficient in each of the two speed ranges. Such an input

set-up is given in Table 6; again,only those data lines different from

those in the previous examples are shown. A single unit unbalance

(I in.-oz.) is assigned to a different axial location in order to maximize

the relevant modal response in each speed range. By setting NCASE = 2

in card 1, a single input set-up is used to study both speed ranges.

3.2.3 Asynchronous Resonance (IRUN = 3)

The asynchronous resonance analysis is quite similar to the critical speed

analysis. However, the (asynchronous) resonance condition is searched

through for a frequency range at constant shaft speed. Also, backward whirls

and/or anisotropy can be considered. A Level I example, as shown in

Table 7, will demonstrate the possibility of incerporati.-g the 2pproxi-

mate bchnvior of tae fluid film bearing at non-synchronous conditions

and an estimation of the torsional resonance frequency of the rotor.

In card 1, NCASE is set to 2, even though in both speed groups rotor

speed is 8000 rpm. This is done so that the dynamic bearing stiffness
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TABLE 6

EXAMPLE OF INPUT DATA FOR DAMPED UNBALANCED RESPONSE

1 2 3 5 6 7 Card
123456789J 234567890 23456789012345670901214567090123496789 1234567890123456/89 Number Remrks

-- L I -- - - 1 2 Speed Groups
_ _r ium jiI(ALUM VA 5" I S -tl% DAN - 2 _ _

32 1 18 2 2 4 0 ..... 3

4-7 Same as Table 4

2 11 18 29 . . . .... .. .. . ..-

3 3 5 3 9
I - up..0j A

_2_ - - 4) --, -_____ _-- -_ __Qe-Jogs
1 1 160000.0 Q.0 12

_2 0 160000.0 0.0 _ ___.n._

1- 10_ aced Group- No
. _. &Q JOL _ . _- -_ _ _-.Q- -.- 9 S p e e d P o i n t s

1 1 160000.0 0.0 12
2 0 160000.0 0.0

0 2 o0 0 0 0 --- 7_ E-r_. -

_ 1 1 _" _ _ N o I. ._L-__ 1. 52821)_ _ __ _ L Sg+Q jj
.52::1D+Ob .0W-611402 0.0 0.0 .0 0.0 .__2-+05 .0056 o+02 IS5A

2 J -1----------------------4---------.---------- - ---------
.5:820 !.005602 0 0.0 0. 0 0.0 ___.52820+OZ.00568+02 A

_ _ 3 .. . . . I__ ._- _.__.. . .... . . .
_ 1. ... . . . 16A

1 _______ _______16B ___

__T.0 0.0 0.0 - 0.0 16C
1 1 0 15 Bearong Default2 29 ____ ____

......--- -- 16 Beain Default
1 2 1 0 iS Bearing Default2 9 1 0 . ___ ________

_.. __ ___ - --9___ ____- 16 txclt'a Default_

1 2 1 0 15 Bearing Default

2 ?- G-- n -eal

1 0 . . . .
1 2 1 0 15 Bearing Default

2 2 16 Bxeit'n Default
1 2 1 0 15 Bearing Default
2 9 1 0
1 .0 . ..... ..... .. .1_6 _ t'n Def u t

1_ 2 1 __ _ _ _

SADI9 . .QQ. ... 1q.+0.d 4+2-16 -i'~-
_ _ _ 11_ _ _ _o .. . . ... .. ...-

1 2 1 0 15 Bearing Default
2 29 1 B

2_. _. _ 1.. . . . .. . ..... . . . . .. ~ it'~ ef u l

1 2 1 15 Bearing Defult

._.___.__1 15A

1 2 1 0 150e in . ul r..

L.54D 5 154DO]0.0-- - 0 .0- 0.0 0.0 1.4545D S.5446T62 15

2 29 _ L .. . I __0__1

1.0 0__0__ 0_0 0.0

1 2o o~ 1 ~ , _ 1]6_ .. . .n.eful

1 2 1 0 15 Bearing Default
._. IT --- ' _~ Nfu! t

2 1 15 Bearing Default

1_2_.. 2 1 0 -- - - - - -- -.-... itn Deal

-. 16 - x f7t rn "D f au I t

29- ______ - - ISBaSB eaI

1 2 1 0 15 Bearing Default
1 0 [ 16 1x ' De fa,,1 r
1 2 I 0I is Bearing,,, u

.2 29 0
1 16 ExRc It'n Defaulft

1 1 015 Bearing Default

1 2 1 "0 15 I oarln. l) f-olr

0 15 Bearing Defauilt
- -2 09- - - 16 - xet 'rn -D-e It

110 Bearing Def~ault

23456489023456709 C234 6Z89L2345679912345.1D9-2 L234567890123456789 C34257
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values can be varied according to the center frequency of each frequency

range. The approximate non-synchronous stiffness value of the fluid

film bearing is determined by a procedure described in a separate report

of the present contract [17]. LTYP = 3 in card 3 designates that both

bending and torsional analyses are to be performed. The first speed

group contains a frequency range to explore the "-igid mode" with n

reduced stiffness value which corresponds to the "half speed" behavior

of a fluid film bearing. The second speed group contains two frequency

ranges; the first of these concerns the relatively stiff near-synchronous

behavior of the fluid film bearing, and the second frequency range is

intended to locate the torsional resonance frequency.

Bending asynchronous behavior of the rotor is further studied by

invoking Level II calculations to establiqh 4svnchronous _esonance 5r-f

quencies and the associated mode shapes. LTYP is changed to 2 in card 3

to dedicate the study to bending motions exclusively. 'The second fre-

qucncy range in the second speed group is accordingly removed. Because

the isotropy approximation is retained, it is not necessary to introduce

new dynamic bearing 'at. in Level 1I. Table 8 shows the input data for

calculating asyrchronous bending res-nances.

3.2.4 Asynchronous Resoonse (IRUN = 4)

Damped asynchronous response is considered with fluid-film bearing data

derived from Table 3. Dimensions and lubricant properties are indicated

in the beginning of Section 3.2. Load levels of each bearing are based

on Level T calculation (see Item 5.0 in Table 13).

This calculation is performed with the same speed-frequency combfinations

used in the previous analysis (Table $), which has gene-ated an -intZrmediatC

data file that is reusable, Therefore, the present calculation begins

with Level II by accessing the pre-stored intermediate data file (NCASE = '0

-n card 1). Table 9 contains the complete input set-up for this run.
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TABLE 9

EXAMPLE OF INPUT DATA FOR DAOPED ASYNCHRONOUS RESPONSE

TWO NATURAL MODES SOUGHT WMT USER-SPECIFED TRIAL CONODTNS

1 2 45 C&r
1234567890 234567890 234567890123456789012345689 l23456789t2354567890 2345-6789 Number Remarks

I____ I____ 1---___ 15 Freg.Gr.1; 7 FregPti
6.6956Ef05 ,2412E+024.5395E+052.260/E+Q 3.0312E+04'..-607F+0. 1.7b31Et0b_,~1/7E+02 15A Data-Bea!-rn

2 29 1 1 ___

B.9993E+051*1572E+033.6960E+052*7264E+024*9946E+04 1.7264a+0 .1 097F+05to2Et~ 15 Ta-a-1 -rr-~=

18 ______________ 16A
I -16B ___ __________i8 lx. atL S t..3pi

2 9 1 015 6 Sets -Data Default

1 _0__________16

1 2 1 0 1
-2 2 1 __ ___ __ _

1 ____ - .. 16.
1 2 1 01
2 29 1 0____

1 0 15
2 29 1 0 is__

1 15
2 29 1 15 --__

1 2 1 05

6.0114D1+ 1 CD~61I S V Mode No. I (Co-hv

_________ ______________ ____ ______ ___________________ SV Mode- No. 2 (R~.eot)

.6956E+05 *2412E+0 *45,395E+0 2.2607E+023*0312E+-fO .260?E+021./53IEWO .5177E+02 IS ________
2 29____ 15 _____

*.9993E+Ob .1572E+035.6968E 0E2*7264E+0, *9946E$0 2 /264E+0 -;.I097E40b ,
7

124EF02! 1SA......
29___ 16A -~a

____0_ 0.0____ 1____ 0.0__0.0 16C ___

1 2 1 015 8 Sets -Data Default

-2 2 i 015

___0 ____16_ -

2 215

1 15

2 ~JO~2 467 235AR 09A~~919AsaII
1 2 140
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Two natural modes are sought in each frequency group and a record of

the iteration progression is requested by setting IGEN = -2 in card 14.

Starting conditions for seeking the natural modes are furnished by the

user as indicated by IBEG = -1. The starting conditions are based on re-

sults of the stability analysis which was performed first (see Section

3.2.5). That analysis established that there is one natural mode in the

first frequency group; however, because two sets of starting conditions

are needed, the same set of starting conditions is repeated for a second

time. There are two natural modes in the second frequency group.

Excitation in the present example is spatially fixed (ITYPE I in

card 14). It is represented by a unit force (1 lb.) at station 18

for the first frequency group but shifted to station 29 for the

second frequency group (see card 16A).

3.2.5 Stability Analysis (IRUN = 5)

Example for the stability analysis deals with precisely the same rotor

system as the above example except that the excitation system is not

needed in the stability analysis. The stability analysis actually

is included in the damped asynchronous response analysis if the option

to do so is specified (IGEN # 0 in card 14). The stability analysis

is a shorter run because response calculation to a specific excitation

is not performed. In the particular example, a relatively highly

damped mode in the second frequency group required repeated trials

before a fully converged solution is established; therefore, the stability

analysis was actually completed first, then the damped asynchronous

response was executed with starting conditions which are the results of

the stability analysis.

Again, because the same speed-frequency combinations as for the asynchronous

resonance calculation are used, Level I calculations are bypassed by

accessing the pre-stored intermediate data file.
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The first trial for the stability analysis was run with the input set-up

listed in Table 10. Printing of Level II bearing data is suppressed with

IPRI - -1 Two natural modes are sought in each frequency group (which

is associated with one of two speed groups) and a record of the iteration

is requested by setting IGEN = -2 in card 14. Since no specific clue

is available for starting the iterative processes, the default for the

internal starting logic is accepted with IBEG = 0 in card 14. The rest

of the input list concerns Level Ii bearing data for each speed group.

The first trial yielded one damped natural mode in each frequency group.

According to the pattern of the iteration progression, it was surmised

that there is only one mode in the first frequency group and that the second

frequency group may have two natural modes but the internal limits of

the iteration process had prevented convergence to the second mode.

Therefore, a second trial was carried out with the input listing of

Table 11. User's prerogative to specify the starting values is requested

with IBEG = -1 in card 14. The starting values of frequency and damping

are furnished as card 17 for each mode in each frequency group. In

the first frequency group, because a second mode is not expected, the

same starting values are repeated. In the second frequency group, the

starting values for the second mode (of the second frequency group)

are those which would be continued by the iterative process if it

had not been terminated. A full discussion on the record of iteration

is provided in Section 3.4.5. The second trial still did not reach

full convergence; however, the general trend previously noted was

reaffirmed and the need for an "accelerated" change in the damping

value was quite apparent. Therefore, a third trial with the starting

damping value somewhat "accelerated" beyond the last step of iteration

is used as shown in Table 12. Full convergence was indeed realized in the

Li third trial.
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3.3 Output Description

The output of the computer program cunsists of priatouts of the Input data with

appropriate headings and of dynamic responses. Intermediate results of coia-

putations can also be printed out -- these printouts are controlled by the

dlagnostic parameters specified in the input setup. in the following, descri,--

ti -us of the output emphasize its overall organization and contain supplementary

,Jc 'itions for the terminology appearing, in the headings. Item numbers on the

1. lowing pages refer to the "Item Number" column on the computer printouts

gi,,u in Tables 13 through 20.



A. eMMRY OF ROTOR MODEL

Items 1.0 through 4.0 summarize the rotor model input data. They are formulated

under self-explanatory headings to allow convenient visual checking. The pro-

gram checks logical aspects of the corresponding input setup. If an error is

detected, an error message is written cut and further execution is halted.

Item 5.0 gives static journal oearing load distributions, rotor weight, and

the axial location of its center of gravity.

Item 1.0 Title and Summary

The title is printed out in the first line. It is followed by the summary

of the input data for the rotor model; namely,

Shaft Segment:

Number of consecutive shaft segments of unifor:. cross section in the rotor

model. (The numbering of nodal stations starts from the beginning of the

first segment to the end of the last segment).

Shaft MaLerials:

Number of different sets of material properties, including weight density,

Young's modulus, and shear modulus,

Lumped Inertia Stations:

Number of stations vhere concentrated inertia properties (in addition to the

distributed mass in the shaft elements) have been assigned.

Bearings:

Number of stations where radial and/or angular stiffness may be assigned.

item 2. 0 Shatt Dimensions

They are tabulated in six columns:

Element No.: index number in the tabulation loop.

Length (in.): length of the individual shaft segment.

I'



I.D. (in.): inner diameter for calculating flexural rigidity.

O.D. (in.): outer diameter for calculating flexural rigidity.

M.I.D. (in.): "mass inner diameter" used for calculating mass distribution.

M.O.D. (in.): "mass outer diameter" used for calculating mass distribution.

Item 3.0 Shaft Materials

There are four columns in the table:

Starting Node: segment number at which the present material

6 1data set begins to apply until the next data set

appears.

Density (lbi./cu.-in.): weight density.

Young's Mod (psi': Young's modulus.

Shear ,":d (psi): shear modulus.

3.1 Error Message

If the first line in the above tabulation does not refer to the

first shaft element, an error message will be written out and further

execution will be halted.

rItem 4.0 Lumped Inertias9

Following the heading, there are five columns:

Nodal Station: nodal station number at which the present set of lumped

inertias is assigned.

Weight (lb.): weight of an additional rigid body attached to the

designated nodal station.

Polar Inertia: weight polar moment of inertia of the attached rigid

(lb.-in. 2) body. '
Trans. Inertia: weight transverse moment of inertia of the attached rigid

(lb.-in. 2 body.

CG Offset (in.): axial location of the center of gravity of the attached

rigid body relative to the nodal station.
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4.1 Error Message

If a nodal station number in the above tabulation exceeds the available

range, an error message will be written out and further execution will

be halted.

Item 5.0 Bearing Load Distribution

Static bearing loads due to gravity and misalignment are calculated according

to static bearing data entered. This group of output is bypassed if no bear-

ing is indicated (LBEA - 0 in the input). If only one bearing is detected,

static equilibrium will not be possible, thus the program will write an error

message and itop execution. If zero radial bearing stiffness is assigned to a

designated bearing station in either direction, a default value of 0.1 lbs./in.

will be assigned and an "attention message" will be printed out.

Numerical tabulation contains:

Brg. No.: bearing index number.

St. No.: station number assigned to each bearing.

Location (in.): axial location of the bearing.

Vertical Plane: misalignment, load, and moment in the vertical plane.

Horizontal Plane: misalignment, load, and moment in the horizontal plane.

The tabulation is followed by the total weight and the axial location of the

center of gravity.
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B. SUMMARY OF DYNAMIC DATA (LEVEL 1)

Item 6.0 Number of Speed Groups

i This statement gives the number of speed groups treated in the particular calcu-

lations as specified by the parameter NCASE of input card 1. It also indicates

the number of times Items 8.0 through 13.0 will appear.

Item 7.0 Type of Vibration

This statement identifies whether the computation pertains to torsional vibration,

bending vibration, or both as determined by the control parameter, LTYP, given

by input card 3.

Item 8.0 Speed Group Number

This heading applies to Items 9.0 through 13.0 to follow.

Item 9,0 Excitation Frequencies

Frequency group number is indicated and the frequencies of the group in Hz are

printed out. This item is omitted for synchronous cases as dictated by

LRUN 1 in input card 10.

I
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C. LEVEL I DYNAMIC RESULTS

Item 10.0 Torsional Response Data

If the value of I is assigned to the parameter LTYP in input card 3, calculations

pertaining to torsional vibrations only will be performed. The following group

of output will be printed for each of the excitation frequencies one at a time.

This group of output will be suppressed if the value of 3 is assigned to LTYP

to *reat both torsional and bending vibrations; instead, the torsional results

will then be described in terms of the "Holzer" stiffness (see Item 12.0).

'lie dynamic torsional response distribution for all nodal stations due
Sto a unit t-wist moment applied at the end of the rotor is listed. A

new page is used for listing these data. In the event that a no-twist

(null torsional displacement) condition is calculated, an alert message

is written, saying

"ED nnTE S STATIONARY AT #,####E 'M HZ

TORS STIFF BELOW IS END TORQUE PER UNIT TWIST OF FIRST NODE."

Captions preceding the tabulation contain:

Frequency (Hz): Frequency of torsional excitation.

Node No.: The station number at which the exciting torque

is applied. The last station number is printed

here.

Location (in.): Axial location of the above node.

Tors. Stiff: The dynamic torsional stiffness at the excita-

. (in.-lb./rad.) tion point. In the event that the above-described

alert message had been wri:ten out, the dpflnition

given there applie es.

Response at each node is tabulated as Coliows:

W Node: Station number at which the r',;,'se is indicated.

Location (in.): Axial location of station.

5.

M ~~-fh



Relative Twist: Normalized torsional displacement. In this listing

the peak torsional displacement is used as the scale

for normalization.

The actual twist per unit excitation torque is:

RELATIVE TWIST (present station)

RELATIVE TWIST (end) • TORS. STIFF.

If the rotor end is a stationary point as indicated by the alert message then

the above formula is replaced by:

RELATIVE TWIST (present station)
RELATIVE TWIST (first station). TORS. STIFF.

Unit Twist Rate: Local twist rate per unit excitation torque

(rad./in.-lb.) (applied at the end of the rotor).

10.2

The dynamic torsional response distribution at selected response

stations due to a unit twist moment applied at each selected excitation

station is listed.

4 The selected stations are all those identified in input card 8. Torsional

excitation stations are those with the corresponding value of "Excitation

Type Index", K8(I) = 2, 5, 6 or 8 in input card 9. A new page is used

for each excitation station. Three special conditions can exist to

cause a corresponding alert message to be written. If the excitation

station is found to be stationary, either rotor half (aft or fore) must

r - also be stationary. This condition is recognized as (1) fore-segment

resonance or (2) aft-segment resonance. The alert message is written

out, including the required special definition for "Tors. Stiff."

For condition (3), torsional resonance of the system, the alert

message is also written out.
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Appropriate captions precede the listing of response distribution. A

four-column response tabulation is the same as previously described

except that only the selected response stations are included. The

relative twist is normalized at the excitation station except for the

three special cases discussed above. For fore-segment resonance, the

twist at the first station is taken to be unity. For aft-segment

resonance, the twist at the rotor end is taken to be unity. For

torsional resonance, the peak twist is taken to be unity.

Item 11.0 Bending End Determinants

"Myklestad" determinants or end determinants of the bending problem are listed

under appropriate headings of the frequency range in concern. For the

synchronous case as designated by LRUN = 1 in input card 10, each frequency

(Hz) should be precisely 1/60 times speed (RPM). Co-rotational and counter-

rotational determinants are separately listed. This listing is omitted if

LTYP = I in input card 3; i.e., if torsional response only is calculated.

Examination of this listing for a change of sign of the end determinant allows one

to locate the critical specd (for the synchronous problem) or the resonant fre-

quency (for the asynchronous problem) approximately without performing Level II

computations.

Item 12.0 Torsional End Stiffness

"Holzer" stiffness or end stiffness of the torsional problem is listed along-

side the frequency of excitation. This output is activated only when the

parameter LTYP in input card 3 is given the value 3 to designate both torsional

and bending calculations and the parameter LRUN in input card 10 is set to 0 for

asynchronous calculations.

Examinations of this listing for a change of sign of the torsional end stiff-

ness allows one to locate the torsional resonance frequency. No other pro-

F, vision is made to determine the torsional resonance frequency in this program.
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Item 13.0 Level I Dynamic Bearing Data

Dynamic bearing data, as used in Level I (isotropic representation), are

tabulated under headings of bearing number, station number, location measured

from left end of rotor (axial distance), radial stiffness and angular stiffness.

One set is given for each speed. This output is omitted if only torsional

calculations are performed (LTYP w 1 in input card 3) or if so designated by

the user (LPRI - -1 in input card 3).
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-j D. LEVEL II DATA

Item 14.0 Calculation Summary

The following messages are printed out:

• an alphanumeric string giving the job identification and JoL1 itle as entered in input card 2;

SLevel II run mode according to IRUN (see descriptions under

input card 14);

* type of excitation (for IRUN - 4 only) according to ITYPE

(input card 14); and

under respective headings, station numbers at which torsional

and/or bending excitations are applied according to tnput cards

8 and 9 are listed.

These messages together with Items 6.0 thrcugh 9.0 describe the overall content

of the dynamic results.

Item 15.0 Tabulation of Level I Matrices

Matrices are printed out for each speed-frequency combination if the parameter

IDIAG of input card 14 is set to the value 2.

15.1

If torsional calculation is performed (LTYP I or 3 in input card 3)

the torsional mobility and impedance matrices are printed out in

succession. The torsional matrices are speed independent and are thus

printed out for distinct frequencies only.

15.2

If bending calculations are performed (LTYP = 2 or 3 in input card 3),

the following bending matrices are listed under their corresponding

headings in sequence.
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" Level I bending mobility matrix in the Cartesian representation.

" Level I bending impedance matrix in the Cartesian representation

(omitted if torsional calculation is not performed because Item 15.3

would contain the bending impedance only).

15.3

Level I impedance summary contains the following information:

" job identification

" job title 
:9A

" speed in revolutions per second A

" excitation frequency 
in Hz, and

" the total number of degrees of freedom

The consolidated bending-torsional impedance matrix is printed out on a new

page. The bending impedance matrix is in the Cartesian representation and is in

the upper left corner. The torsional impedance matrix is in the lower right

corner.

KItem 16.0 Level II Bearing Data

This set of output is omitted if both LBEA (input card 3) and IBRG (input

card 14) are zero.

Under captions of speed (revolutions per minute) and excitation frequency

(Hz), bearing data are tabulated under appropriate headings. A separate line

is written for each bearing. If the bearing is capable of rendering both

angular and translational restraints, the angular characteristics of the bear-

ing are written after its translational characteristics. 
The headings of the :4

table are self-explanatory. Each line contains the following information:

bearing index number (line number in table).

. station number of bearing in rotor model.

• radial or angular bearing.

. eight matrix coefficients of the bearing,

K - stiffness coefficient

B = damping coffficient
62 K
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The units of K are in (lb./in.) for a radial bearing and in units of (in.-lb./rad.)

for an angular bearing. The units of B are those of K times seconds.
f

Item 17.0 Level II Bending Impedance Data

Impedance matrices including Level II bearing data are printed out if the

parameter IDIAG is set to 2 in card 14.

17.1

Bending impedance matrix with Level II bearing data is printed in the

Cartesian representation provided IBRG (input card 14) is not zero.

17.2

Bending impedance matrix with Level Ii bearing data is printed in

rotating coordinates.
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E. LEVEL II OUTPUTS -- RESULTS OF DYNAMIC BENDING ANALYSIS

This set of output covers 5 different modes of dynamic analysis corresponding

to IRUN I to 5 (input card 14). The 5 modes are:

i) Critical sFeed (IRUN = 1)

(ii) Unbalance response (IRUN - 2)

(iii) Asynchronous resonance (IRUN 3).

(iv) Asynchronous response (IRUN = 4).

(v) Stability analysis (IRUN = 5).
(i) and (iii) are for undamped systems while (ii), (iv), and (v) are for

damped systems. A description of each case is given in the following.

Item 18.0 Critical Speed Calculation

Following the heading "Critical Speed Determinants," the determinants of the

impedance matrices are tabulated versus the corresponding frequencies. The

changes of sign signify the existence of natural frequencies.

For critical speed calculation, only co-rotational (forward whirl) is con-

sidered. The number of co-rotational roots found is indicated.

The tabulation of mode shape consists of four columns. The first column gives

the natural frequency. The second column shows the axial location of each

excitation station. The third and fourth columns give the corresponding deflection

and slope (as appropriate for the station, see Section 3.1). These are

normalized with respect to the maximum deflection and slope.

Item 19.0 Unialance Response

19.1

The excitation data and the corresponding response orbit are tabulated

at each rotor speed. Since this is a synchronous case, speed (rpm)

60 x frequency (lz). The excitation data include the index number,

the station number, the type of excitati-,n (force or moment), and the

orientation. The unbalance excitation is always a forward whirl; however,

at each excitation point, there may be a distinct phase angle based on a

reference point on the shaft which can be chosen by the user.
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The response orbit at each station is, in general, of elliptical shape. The

response ellipses can well be described by four spatial parameters: major and

minor radii, inclination angle, and one time-related parameter (the phase

reference angle). In the output a quantity, the ellipticity, which can be

derived from the first two is also provided.

The major and minor radii set the size of the ellipse. The inclination

angle is the angle between the major axis and the horizontal axis. The

ellipticity is defined as the ratio between the difference of the two
radii (major and minor) and the sum of them; if the ratio is greater

than one, its reciprocal is used. Hence, a zero ellipticity implies

a circular orbit while a unit ellipticity defines a straight line. The

time-related phase reference angle at the station is measured with respect

to the time reference point chosen by the user. This angle is that between

the axial plane passing through both the z axis and reference point and

the axial plane passing through both the z axis and displaced center of

the rotor. The angle is positive when the displaced center of the rotor

leads the reference point.

19.2

Iteration record of the complex eigenvalue calculation is printed out if the

parameter IGEN of card 14 is a negative integer. The absolute value of

IGEN represents the number of damped natural modes to be sought in eacn

speed group, and its negative sign requests that the record of iteration

be included in the output.

The iteration record consists of nine columns. The first column, under

the heading "I" counts the number of iteration cycles which have been

executed. The next two columns are respectively current estimates of

the natural frequency (Hz) and the system damping (lb.-sec./in.). For

the unbalance response problem, the synchronous constraint is imposed;

therefore, the natural frequency is simply (1/60) of the damped critical

speed. Modal mass and critical damping ratio occupy the next two
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columns, they are defined in Section 6.2. Estimated corrections of

the natural frequency and the system damping are indicated in columns

6 and 7. The computer program restricts the iterative process to a

confined frequency range; therefore, actual change of the natural fre-

quency for the next cycle of iteration may be only a fraction of the

estimated correction; when this happens, the change of damping is pro-

portionally reduced. Under the heading "Residue" the sum of squares

of real and imaginary parts of the residue is listed. "D Check" heads

up the "consistency parameter" given by Equation (6.18), ±t is used to

achieve the correct factorization operation if another eigenvalue in the

same frequency range is to be sought. ,

While the internal logic of the computer program to verify convergence

is quite reliable, premature termination of the iterative process can

occur. Display of the iteration record allows the user to decide

whether or not an additional "search" effort is warranted. Typically,

if a trend of monotonic decrease of "Residue" is shown while the iterative A

process is interrupted by internally set limits, another trial should

be made with either or both of the following options:

Shift the frequency range if one of the frequency

bounds is repeatedly reached.

Use user furnished starting values which are extrapolated from

the current iteration record.

The iteration record also allows the user to verify if all the necessary

convergence conditions are satisfied; i.e.,

The value of "Residue" should be reducing by larger amounts

upon approaching convergence.

Estimated corrections of frequency and damping are small in

comparison with their current values.

. The modal mass is approaching a positive limiting value.

• "D Check" is becoming stabilized.

The computer program presently tests the first two conditions.
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19.3

The damped natural mode shape, accompanied by the listing of speed,

frequency, and critical damping ratio, is tabulated in the same manner

as the response orbit and is printed at each frequency p:i.-t for every

mode found in the designated speed range. This calculation may be

suppressed if the parameter IGEN in input card 14 is set to zero.

The resouant response including excitation data is also tabulated in the

same way as the response orbit. For a non-conservative system (e.g., a

system with significant damping) the resonant response of the rotor can be

quite different from its corresponding natural mode shape.

Item 20.0 Asynchronous Resonance

The set of output is similar to that of critical speed calculations, except,

in addition to co-rotational modes, counter-rotational modes are printed out.

Also, the rotor speed is different from the excitation frequency.

Item 21.0 Asynchronous Response

The output of this case is similar to that of unbalance response except for

the non-synchronism; namely, the rotor speed and the excitation frequency are

different from each other and the excitation may be either forward and

backward whirl components or vertical and horizontal components depending

on the value assigned to the parameter ITYPE in input card 14.

21.1

Excitation data and response orbits at each combination of rotor speed

and excitation frequency are printed out.

21.2

iteration record of the complex eigenvalue calculation is printed out if

the parameter IGEN of card 14 is a negative integer. Remarks under 19.2

are applicable except that the computation is performed at a fixed

shaft speed while the sought nature' frequency has no direct relation-

ship with the shaft speed.
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21.3

Results for the damped, asynchronous natural modes in each frequency group
and resonant response are printed out. Again this calculation would be
suprressed if IGEN = 0 on input card 14.

Item 22.0 Stability Analvsis

The output of stability analysis is essentially that portion of Item 21.3
pertaining to the damped, asynchronous, natural modes. The iteration record
described under 21.2 is also available in a stability analysis.
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3.4 Output Samples

The output samples have been taken from computer runs made for the rotor

defined by the data in Section 3.2. Each output sample corresponds to an

input sample previously given.

3.4.1 Critical Speed (IRUN = 1)

The results of the critical speed analysis are listed in Table 13.

Items 1 - 5 relate to various aspects of rotor data under self-

explanatory headings. Items 6 - 13 summarize Level I results. The
column of co-rotational end determinants shows a change of sign near

5920 rpm v'hich should be the location of a critical speed. Although a

change of sign is also indicated by the column of counter-rotational

determinants, the counter-rotational motion is not excitable by rotor

unbalance unless there is significant anisotropy in the rotor system.

Item 14.0 is mainly an identification table. item 16.0 listq the pre-

vailing bearing data used in Level II analysis in the eight-coefficient

format. In this case, the data of Level I bearings as described by Item

13.0 are retained. Item 18.0 summarizes the results associated with the

established critical speeds. First, the determinants of the system

represented by the selected action stations are listed alongside the

speed. Then the mode shape, co-rotational in this case, is given in

the normalized representation. The amplitude distribution is typical

of a "flexible translational" mode. Peak amplitude is near mid-span.

Motion at each of the two bearing stations is less than 1/5 ot the

peak amplitude. Symmetry about the mid-span is nearly preserved.

3.4.2 Unbalance Response (IRUN = 2)

A preliminary run limited to Level I (KRUN = 0 in input card 1)

yielded results highlighted in Table 14. The important information is

contained in the list of co-rotational determinants (Item 11.0).

Reversal of sign is seen between 4243 rpm and 4931 rpm and also between

6662 rpm and 7743 rpm. Simple interplation yields e.stimated critical

speeds of 4350 rpm and 7000 rpm. They are expected to be respectively

the first translational and angular modes.
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as M

The complete computer output for the unbalance response analysis is

given in Table 15. Two speed groups are included, which respectively

cover the range 4000 - 5000 rpm and the range 6000 - 8000 rpm. Level IT 

bearing data (Item 16.0) in the eight coefficient format, together with

the excitation description and response (Item 19.1) are takulated together

on the same page at each speed point. Note that unbalance is specified

in units of (in.-oz.) in input card 16A but is represented by the cor-

responding centrifugal force at each speed in the output. Circularity

in the response orbit is indicated by equal magnitudes of major and

minor radii at all stations. Tha amplitude peaks mildly between 4230 rpm

and 4349 rpm with a nearly symmetrical mode shape, corresponding to a

unit unbalance (I i-n.-oz.) near mid-span (station 18). Symmetry -f the

mode shape is reflected not only by the amplitude distribution but

is also indicated by the nearlv uniform phase reference. In the second

speed group, the unit unbalance is shifted to station '9 which .,-ar-

ing support. This is done because an angular mode shape is anticipated.

Peaking in the second speed group is observed between 6928 rpm and

7182 rpm, again very mildly. The angular mode shape .3 ind1 ,:w ly

the difference n t4n e .l1r-se reference of nearly 180 degre!es betweer.

stations 2 and 29.

3.4.3 Asynchronous Resonance (iRUN 3)

Two runs of asynchronous resonance analysis wtre made. The first r,m

was limited to Level I, but dealt with both torsional and bending

motions. The descriptive data of the rotor system have ilready been

discussed in previous examples, the essential output of the present

run are the lists of Item 11.0, the bending end determinants, and

item 12.0, the torsional end stiffness, which are tabulated one after

another and followed by Level T bearing data, Item 13.0, within each

speed-frequency group in Table 16. 7harge ;f sign indicates the

location of P reseTo'nC' -end- t i -n that ' .:dip; asynchronous

resonances it both -on-rcatio,- "d - '- A .O-rCtatEon types are !octted

!Tithin cmih nf tho -'bre, frr. , .... , ,,o """ inaL .'e" ioc, is
found near V74 liz, A
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In order to gain some additional insight of the bending modes in

p--.';'..ation for subsequent analyses, a second asynchronous resonance

analysis was dedicated to the bending modes of the two lower fre-

quency ranges, this time invoking Level II analysis to obtain the mode

shapes. Level II output of the second asynchronous resonance analysis

is given in Table 17. In the first frequency range, resonances are

found at 68.6 Hz and 67.5 Hz, respectively, for the co-rotational and

counter-rotational modes. The relative frequency relationship is due

to the effect of gyroscopic inertia. The amplitude distributions of

these two modes are practically the same. It should be recalled that

the relatively low bearing stiffness values assigned to this frequency

range is an attempt to emulate the "half-speed" behavior of a fluid

film bearing. Since the reduced effective bearing stiffness at "half-

speed" is associated only with the co-rotational motion, the counter-

rotational mode found in this frequenc:y range should be disregarded for

the present study. In the second frequency range, again a co-rotational

mode and a counter-rotational mode are found, respectively, at 100.3 H1z

and 94.6 Hz. Amplitude distributions of these modes are again very

similar to each other. In comparison with the 68.6 Hz mode, the am-

rlitudes at the bearing supports, stations 2 and 29, are much reduced

a- the higher frequency modes.

3.4.4 Asynchronous Response (IRUN = 4)

WThe example for damped asynchronous response was calculated with the

same speed-frequency combinations used in the previous example; con-

sequently, the input was set up tn access the pre-stored intermediate

data file in lieu of repeating Level I analysis. The complete output

Pof the example is shown in Table 18.

Excitation is specified to be the space-fixed type. For the first

frequency range a unit excitation force, aimed in the direction of the

static load, is assigned at station 18, which is ne..r the mid-span

of the rotor and is the peak deflection point of the undamped co-

rotational. mode in Table 17. For the second frequency range, the

excitation force is shifted to station 29, which is a bearing support

where deflection is minimal for both undamped modes in this frequency

range.
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Response orbits at frequencies which span each frequency range are listed

in order. The !.nput set-up required the response to be calculated

at damped natural frequencies and allowed up to two damped natural
modes to be found in each frequency range. The record oi iteration

progression in the process of finding the damped natural mode is to be

printed out and starting values for the iterative processes are furnished

according to the results of stability analysis, which will be discussed in

the next section.

For the first frequency range, the iteration record shows convergence

to be reached in two cycles for the first mode. The rapid convergence

is expected because the starting values are actually the converged

solution obtained from the stability analysis. Improvement achieved by

iteration steps is beyond the resolution of the output format. There is

no other mode expected in this frequency range, therefore, the same

starting values are used for finding the "non-existing" second mode.

The iteration record shows 20 cycles without achieving convergence.

Additional discussions on the iteration record will be found in Section

3.4.5. The damped natural frequency of 68.11 Hz is seen to be quite

close to the undamped approximation of 68.62 Hz. The critical damping

ratio of 0.030 suggests a rather modest stability margin. Am-

plitude distribution of the major radii is not too different from the

amplitude distribution of the undamped, isotropic mode shape. All

orbit parameters are fairly uniform. The minor radius is less than (1/5)

of the major radius at all stations, indicating substantial anisotropy

of the system. Since the minor radii are all positive, the orbits are

co-rotational. Response amplitude at station 18, where the unit
-4

excitation is located, shows a major radius of 3.34 x 10 in. This

is over 30 times larger than that calculated at 68.05 Hz, which is the

closest assigned frequency, Clearly, if the system is not highly

damped, it is important that response be calculated precisely at the

natural frequency.
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In the second frequency range, convergence is similarly rapid for

both modes. The natural mode shapes have very similar distributions of

major radii. The minor radii of the mode at 102.66 Hz are algebraically

smaller than those of the mode at 97.57 Hz at all stations, however

the differences are very small. There are no clear-cut shape features

to distinguish those two modes. The values of the critical damping

ratio are quite different. The mode at 97.57 Hz is not well damped,

critical damping ratio = 0.032, and the resonant response to the

"misplaced" excitation is more or less similar to the natural mode shape

and the amplitudes at all stations are significantly higher than those

at the nearest assigned frequency of 97.51 Hz. The mode at 102.66 Hz

is fairly well damped. The resonant response to the "misplaced"

excitation no longer resembles the natural mode shape, -ind peaks only

Amoderately above the response .t the nearest assigned frequency of

102.45 Hz.

3.4.5 Stability Analysis (IRUN = 5)

From the second run of asynchronous resonance analysis, estimates can

be made cn the approximate frequencies of the damped natural modes. In

fact, one might as well use the same speed-frequency combinations of the
asynchronous resonance analysis. Pre-stored intermediate data can be

accessed in lieu of repeating Level I calculations. One mode is ex-

pected in the first frequency range, while two modes are expected in

the second frequency range. Thus, the single input set-up, which covers

both frequency ranges, specifies two modes to be sought in each fre-

quency range. The second frequency range is somewhat wider than if

only one mode is to be sought (see Section 2.2), nine frequency points

are used to divide up this range, t o more points than the number used

for the first frequency range to ensure computation accuracy.

Since there is as yet no clue on the approximate valuc of damping

associated with various modes, a first trial was run allowing the

program to use its internal logic to initiate the iteration process.

The output of thig run is given as Table 19.
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In the frequency range, convergence of iteration for the first mode

was reached after four cycles. There being no second mode, the search

effort resulted in repeated attempts to exceed the upper bound of

the frequency range. The residue shows no definite trend of reducing.

The modal mass consistently shows an anomalous negative value. The

natural frequency and the critical damping ratio are exactly equal to

those given in Table 18 as far as the available digits reveal. The

mode shape parameters are slightly different owing to a somewhat

larger residue at the last cycle of iteration. In the second frequency

range, convergence of iteration for the first mode was reached after

six cycles, with an extremely small residue at the end. Search for the

second mode, however, did not succeed. The iteration process developed

an oscillating pattern. A closer look revealed that after each oscillating

cycle, the residue does reduce monotonically. Therefore, the attempt

to find the second mode in this frequency range was continued after-

wards. Modal parameters of the first mode at 97.57 Hz are identical

to those given in Table 18.

A second trial was made using converged solutions of the first modes

in each frequency range as the respective starting values. For the

second set of starting values, the first set was repeated in the first

frequency range since another mode is really not expected. The

designated values for continuation as shown by the previous iteration

record was used as the second set in the second frequency range. The

second trial still failed to establish the second mode in the second

frequency range. Previously noted trend of a monotonically reducing

residue persisted at a moderate pace. Therefore, a third trial wasImade with the starting damping value "accelerated" beyond the trend
indicated by the iteration record of the second trial. This time

convergence was reached in'four cycles. Iteration records pertainingLi to the second mode in the second frequency range are shown in Table 20.
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SECTION IV

THEORETICAL OVERVIEW

Rotordynamic analysis, in the manner treated here, deals with a linear

system. As such, much of the analytical methods which were developed for L
linear control systems would be applicable. One can indeed go quite far

to enumerate analogous concepts between the fields of rotordynamics and

linear controls. It is quite appropriate to regard a rotor system as a

multi-terminal "black box." Much of the mathematical operations involved

in rotordynamic analysis concerns the "transfer functions" of the "black

box." The practical aspects of rotor engineering, however, require an

understanding of the restrictions of the simplifying assumptions which under-

lie the method of analysis and an understanding of the general characteris-

tics of rotor systems which may take on special significance as dictated

by particular design features and operating environments. To address

these issues, the subject matter has to be identified as a high speed rotor

system, not merely a linear black box. The present section will examine

the "anatomy" of rotordynamic analysis. While the accompanying software

specifically utilizes the "frequency-response" approach as a starting

point, the physical ideas to be discussed here are less restrictive. De-

tails of mathematical derivations are contained in Sections V and V1.

Immediate attention here is directed toward basic concepts.

4.1 Idealized Rotor Structure

While the historical evolution of rotordynamic studies began by emulating

the analysis of beam-like structures, the contemporary point of view recog-

nizes two important distinctive features in the dynamic features of a high

speed rotor; they are

o gyroscopic inertia, and

o support compliance

4.1.1 uyroscopic Effect

In normal operations of a rotor, even during startup and shutdown

transients, the rotational speed can be treated as a constant for

158

L i/



lateral motions of the rotor. Since functional requirements of the

machinery generally include a well defined rotational axis relative

to its platform, any inclination-deflection of the shaft-axis is

presumably small. Furthermore, in comparison with the rotational

speed, the angular rate of any platform motion is probably quite

small. Under these circumstances, Euler's Law for angular motions

can be reduced to a cross-axis coupling of the gyroscopic inertia.

A thorough derivation of this idea is presented in Appendix A.

The consequence of cross-axis gyroscopic coupling is two fold.

Fiist of all, lateral motions of the rotor generally would not be

planar -- the shaft center motion would typically describe an

elliptic orbit. In fact, if rotational symmetry prevails in the

rotor system, the orbit would be circular. Secondly, each free

vibration mode of the equivalent non-rotating shaft is split into

two modes which are distinguishable not only in the natural

frequency, but also in the sense of rotation of the whirl motion

(relative to the shaft rotation).

4.1.2 Rotor Flexibility

Rotor flexibility is increasingly of importance as mechanical

equipment keeps up its pace with technological sophistication. The

word "flexibility", however, is a relative quantity in the context A

of rotordynamic phenomena. Since the main external constraints on

the rotor axis are the bearing supports, bearing compliance is in

fact the natural reference for rotor flexibility. This idea can be

illustrated by a simple example as depicted in the following

sketch. Here, a concentrated load is applied to the midpoint of a

uniform beam which is supported from the ground by two springs of

equal stiffness.

I I
!--- e -

k k'.
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The total deflection at the applied force is the sum of beam

deflection F 3 and spring deflection F . The ratio of these two
48EI 2k

quantities, k_ , can be regarded as the "static flexibility index."
24EI

It is noted that in such an example the overhung portions of the beam

have no contribution to static "flexibility". Also, the applied force

F is not an explicit parameter. However, it is evident that its loca-

tion, as well as the span between the springs, defines the physical

setup. In a realistic rotor, the rigility parameter E1 would have to

represent an average, and the "static flexibility index" reflects the

relative insensitivity of the influence of the bearing stiffness on

the two lowest natural modes of the rotor. For higher natural modes,

the ratio of the bearing span to the characteristic wave length of

bending vibration may be considered to be the "dynamic flexibility

index" LJAEI/PA) . This index represents the relative ineffectiveness

of support bearings in controlling lateral vibrations of the rotor.

4.1.3 Modeling of Shafting Structure

Shafting can be structurally modeled as a sucession of beam segments

which are rigidly connected to each other.

Division of the rotor into interconnected segments is necessary

to accomodate variations in shaft cross-sections and/or materials,

the attachment of wheel-like appendages as rigid bodies, the
presence of bearing constraints, and sources of dynamic excitation.

A common first approximation is to assume the inter-segmental

junction as a boundary across which deflection, slope, and twist are

continuous, whereas jumps in various other physical auantities

are allowed to take place as required. Theories of torsion and

flexure for slender prismatir hnrs arp commonly uspd to deal with

the structural aspects of the shaft segments. In the original

treatments of Holzer and Myklestad, lineal inertia effects are
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assigned to the ends of the segment while the segment itself is

regarded as a massless torsion or flexure spring. In so doing,

each inter-segmental junction becomnes automatically a triplet of

degrees of freedom, one for torsion and one each for flexure in the

two lateral planes. Since closed-form solutions of a uniform

shaft with distributed inertia are available for both the torsion

and the flexure problems, they can be incorporated into a rotor-

dynamic analysis. The main advantage of the latter approach is to

allow rotor modeling of slender shaft segments without subdividing.

Otherwise, employing the lumped-parameter method in the manner of

Holzer and Myklestad, it is necessary to subdivide slender

segments such that the length of each subdivided segment is about

equal to its diameter. The second order flexure theory, which

includes the effects of rotary inertias and shear deformatioh

can also be incorporated to improve accuracy of analysis for higher

order flexure modes. In actual practice, however, uncertainties

in the treatments of junctions and attached appendages probably

would obscure the improvements gained through the use of second

order flexure theory. Accuracy of the slender bar theory of

flexure also becomes degraded when a rotor of rather stubby

proportions is analyzed. In such a circumstance, the important rotor

motions are probably rigid body-like; and the slender bar theory

is amiss in neglecting the rotary inertias. Shear deformation may

be of incisased importance relative to flexure, but since the

motion is predominently due to bearing support compliance, it is

not essential to refine the elastic aspect of the flexure theory.

The software prepared here makes use of the distributed analyses

of slender bars, while lumped correction is made for rotary

inertias. Omission of possible contribution of shear deformation

on high order flexure modes is recognized as an inherent short-
coming; this should appear mainly in some uncertainty in the

estimated natural frequencies of the higher modes but should not

contribute significantly to the estimated mode shapes.
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4.1.4 Dynamic Degrees of Freedom

The rotor model described above allows estimates to be made on

responses to excitations and the conditions of resonances. Each

inter-segmental junction may be considered to be a location of

potential excitation. For the present discussion simple harmonic

temporal dependence is assumed for all excitations. An excitation

may be any combination of torsion, lateral force, and lateral

moment. Since the lateral force and the lateral moment may be in

either of the two mutually perpendicular planes, there can be up to

four independent degrees of freedom for flexure excitation. The

torsional motion is basically uncoupled from the 'lexural motions

in the sense that a torsional moment would not induce a flexural

motion and a lateral force or moment would not result in a

torsional twist. There may of course be simultaneous torsional and

flexural excitions such as through a gear mesh. Flexural motions

in the two lateral planes are coupled through gyroscopic inertia

in the conventional Cartesian coordinate system. Prevailing

symmetry, however, allows the flexural motion to be described in

a pair of whirl components, which have opposite senses of rotation

and are uncoupled from each other, provided the bearing support

characteristics are isotropic .

4.1.5 Mobility and Stiffness Matrices

Corresponding to the excitation components of torsional moment,

lateral force, and lateral moment, the response consists of dis-

placement components of torsional twist, lateral deflection, and

lateral slope at each junction. A complete description of the

response of the system per unit of each excitation is given by the

influence coefficients which form the mobility or response matrix.

This matrix is the analog of a transfer function of a control system.

The inverse of the mobility matrix is the impedance or stiffness

matrix. For a given shafting model, these matrices are dependent

on both shaft rotation speed and the frequency of excitation.
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Because the model is conservative and isotropic, these matrices

are symmetrical and are also quasi-diagonal; i.e., Lhe influence

coefficients among torsional, lateral forward whirl, and lateral

backward whirl degrees of freedom are all zero. At resonant

conditions, the mobility matrix is both unbounded and degenerate,

all columns are proportional co each other, and because of

symmetry all rows are proportional to each other. The stiffness

matrix also becomes singular at resonance, but its elements remain

finite. These properties are confined to the applicable partitioned

submatrices because these submatrices are uncoupled from one another.

4.2 Bearing Support Characteristics

4.2.1 Matrix Representation

The function of a bearing is to restrict the rotor axis to a

nominal axis under realistic static and dynamic load environments.

Deviation of any particular point of the rotor axis from the nominal

line can be characterized by three lineal and two angular displace-

ments. These may be designated as (6x' 6 , ', Sx, s ) in accord-

ance with a right-handed Cartesian reference system. The z-coordinate

is coincident with the reference axis and is directed toward the spin

vector. (sx, sy) are rotor axis inclinations respectively in the z-x

and z-y'planes. The x-coordinate is directed toward the predominant

static load; e.g., earth gravity. The bearing would resist the occur-

ence of any displacement so that the reaction force system imparted

by the rotor to the bearing is generally expressed in matrix notation

as

R= Z - X

R is a column vector comprising the five reaction components

(Fx, Fy, Fz, Mx, My) while X is the displacement vector (6x' , 6y' z'

! s ). Z is a (5 x 5) matrix containing the elements Zi. with both

indices (i, j) ranging from 1 to 5. The values of Z characterize
ii

how rotor displac nents are being resisted by the bearing.
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Ideally it would be desirable to design the bearing such that Z

is diagonal (e.g., Z = 0 if i 0 j). In reality, some cross-coupling

always exists; although it is commonly reasonable to assume independence

between the linear (6 , 6 ) and the angular (sx, s ) as well as

between the axial (6 z) and the transverse (x6 y) lineal 2egrees of

freedom. That is:

z = Zjl ZJ2 0 for J > 2
j '2j 2  f r >

z 3j Zj3 = 0 for J 4 3

Such null conditions are presumed in the present work. That is,
cros-coupling exists between 6 and 6 and alqo between s and s

x y x y

only. he axial characteristics of the bearing support affect

only the axial dynamics of the rotor, which are commonly quite

benign in comparison with the much more compliant torsional and

lateral degrees of freedom. Henceforth, no further attention

will be given to the axial motion. Thus, bearing characteristics

concern mainly the four lateral degrees of freedom.

Matrix elements Z are often dependent on the displacement amplitudes

and sometimes also on their time histories. Thus, there are

circumstances when rotodynamigs is studied by step-by-6tep numerical

integration with respect to time. Althour~h such methods

are theoretically more rigorous, they have proven to have only

limited usefulness because

Computational cost consideration precludes execution of

such methods except for the simplest mechanical models.

Stability difficulty associated with numerical integration

often masks credibility of such results.
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The method of dynamic perturbation analysis, particularly

if one includes the question of stability, has proven to be

quite adequate in most realistic engineering problems. Ouestions

of large amplitudes and anomalous histories can be relegated to

the qualitative judgment of the experienced rotordynamic expert;

in only extremely rare circumstances do such questions require

serious consideration.

.2.2 Linearization

From the standpoint of dynamic perturbatin, distinction is made between

a static equilibrium component and a dynamic perturbation component

for both the displacements and the reactions. Thus,

X=X + X'; F = F + Ft

(X', F') are respectively presumed to be infinitesimal in comparison
with (X0' F Accordingly, Z are regarded as dependent on X but

-0'I= ij -0onot on X'. To illustrate the idea of perturbation linearization one

may examine the one-dimensionai load-displacement curve.

F tan-l 1 dF

F x

According to the illustrated curve, a straight-line relationship

appears tn be quite adequate for O< 6x> X. In this range ZI1 may

be regarded as a constant. However, for 6x>X, incremental change
of F is

x
dF..

F' = --F1 A~ 6x1

x dF

where 61' is the incremental displacement. x will depend on
x d6x
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the amplitude of 6 x for x >X V

The question of history dependence is circumvented by regarding

X' as a periodic motion at any frequency v of interest. The

matrix elements Zij accordingly would have both real and imaginary

parts and may also be dependent on both the rotor speed a and the
vibration frequency v. In effect, the dynamic problems are

treated with the frequency domain analysis.

To avoid notational clumsiness, the primes will be dropped from

F' and X' so that F and X are understood to be dynamic perturbation

quantities unless the subscript "0" is used to designate the static

equilibrium condition.

4.2.3 Speed Dependence

For the two most common bearing types, namely rolling-element and

fluid-film bearings, speed is an important parameter.

Fluid-film bearing forces are explicitly proportional to the

operating speed. A secondary speed effezt is caused by the tempera-

ture sensitivity of lubricant viscosity. The effective lubricant

viscosity usually decreases since a larger amount of heat is generated

at higher speeds.

The deflection of a rolling-element bearing under load is due to

the contact compliances at both inner and oute- races. At a

high operating speed, centrifugal acceleration of the rolling-

element increases the contact load at the outer race while the

contact with the inner race is accordingly relieved. Since the
load-deflection characteristfrs of race """-c ts are highly non-

linear, the stiffness of a rolling-element bearing becomes speed

dependent.
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4.2.4 Dynami" Characterization of Bearing Support

Accurate calculation of the laterp! dynamic response of a high

speed rotor dep-crds on realistic characterization of the support

bearings. In the most general case, both lineal and angular

motions are restrained by the support bearings at the attachment

location. In the analytical model, the reaction force and the

reaction moment of each bearing are felt by the rotor through a

single station of the rotor axis. As schematically illustrated

below, a coil spring restraining the lateral displacement and a

Bearing Stiffness Model

torsion spring tending to oppose an inclination are attached to

the same point of the rotor axis. A complete description of the

characteristics of the support bearings, however, involves much

more than the specification of the two spring constants. This

is because:

The lateral motion of the rotor axis is associated with

two displacement components and two inclination components.

The restraining characteristics may include cross coupling

among various displacement/inclination coordinates.

The restraining force/moment may not be temporally in

phase with the displacement/inclination.

The restraining characteristics of the bearing may be

dependent on either the rotor speed or the frequency of
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vibration or both.

Bearing pedestal compliance may not be negligible.

To accommodate the above considerations, the support bearing

characteristics are described by a four-degrees-of-freedom

impedance matrix as defined in the equation

= N iN

where W is a column vector containing elements which are the
-N

two lateral displacements 6x,6y, and the two lateral inclinations
x y

sx, Sy of the rotor axis at the bearing station N.

Employing a right handed Cartesian representation in a lateral

plane as depicted below,
Y

IX
ROTOR SPIN

STATIC LOAD

Coordinate System

the z-axis is coincident with the spin vector of the rotor. The

x-axis is oriented in the direction of the external static load,

and the y--axis is perpendicular to both z and x axes forming the

tha right han'e ... (L , y9 z) 1 0 are respectively lateral

lineal displacement components of the rotor axis al, . the x, y

directions. s , s are lateral inclination components respectively
x y
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In the z-x, z-y planes. Note that s is a rotation about the

y-axis, while s is a rotation about the negative x-axis.
y

Z is a complex 4 X 4 matrix, and, in accordance with the common

notation for stiffness and damp.ng coeff.cients, may be expressed

as

Z + ij.BzN  KN  +i= N

where K=N is the stiffness matrix, B is the damping matrix, and

=N
v is the frequency of vibration. Most commonly, lateral linear

and angular displacements do not interact with each other, so that

the non-vanishing portions of and B are separate 2 X 2

matrices. That is

o -0
(LKN n

lineal 0

0 0

K

=

angular

0 0

Q)lineal 0 0

0 0

(B N

0 0 QN)angular

Loo jj
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Accordingly, a total characterization of a support bearing

would include sixteen coefficients which make up the 4 (2 X 2)

matrices:

K K
xx xy

(K) lineal

K K
yx YY lineal

B B
xx xy

lineal
B Bl
yx yy

lineal

K K
xx xy

angular

YX Y angular

B Bxx x

(B)

yx YY angular
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In the event that the pedestal compliance is significant, then

the effective support impedance can be calculated from

I- 1Z+

N p (Zb + P) -1 • ZbJ
INJ

where subscripts "p" and "b" refer to the pedestal and bearing

respectively. Note that both pedestal inertia and damping may

be included in Z=P

4.2.5 Impedance Alteration

From above discussions, it is clear that an isotropic stiffness

representation for a bearing support is a gross simplification.

A realistic description of bearing support characteristics should

include:

speed dependence,

anisotropy or directional sensitivity with respect to

the equilibrium load,

distinction of stiffness and damping elements, and

cross-coupling effects.

It is, however, not necessary to redo the analysis of a rotor because

the representation of the bearing support needs refinement. As

shown in Section 5.32, for the appropriate degrees-of-freedom

associated with the bearing support in question, a direct adjust-

ment of the already-computed impedance matrix suffices. This

principle can be used to add any proportional type constraint to

the rotor. Therefore, one can conveniently evaluate the

characteristics of the rotor system due to

varied bearing characteristics,

" relocation of beaeling 6upporL,

' electromagnetic and aerodynamic excitations.
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4.3 Natural Modes

4.3.1 Conservative Rozor Sstem

If the bearing damping elements and cross coupling effects are

negligible, despite whether or not isotropy is preserved, the

rotor system would be conservative. At discrete frequency-speed

combinations, self-sustained oscillations are possible. Such

conditions are determined as the roots of the impedance

determinant. Critical speeds are special cases of the natural

modes of a conservative rotor system; the special conditions

include restricting the excitation frequency to be in synchronism

with shaft rotation and the motion to be in the forward sense of whirl.

4.3.2 Non-Conservative Rotor System

With realistic representation of fluid-film bearing characteristics,

the rotor syttem becomes nan-conservative. The natural mode of a

non-conservative system can be established in a frequency domain

analysis through the concept of system damping. The mathematical

analysis required to determine the non-conservative natural modes

involves the diagonalization of the impedance matrix, which leads

to the formulation of a two-parameter complex eigenvalue problem.

Details of the analysis are given in Section 6.2.

The non-conservative natural mode analysis is required to assess

potential rotor instabilities which may stem from the improper use

of fluid film bearings or the presence of aerodynamic excitations.

It is also useful to predict the maximum forced response conditiors

of both synchronous and asynchronous type and to give an accurate

estimate of the amplitudes involved.

4.4 Computational Strategy

In a comnrphpnqivp dynvmir qnq1yi- nf n rotor system, the requircd

computation procedure can be logically divided into. two steps. Tbq

first step concerns the computation of the mobility and impedance
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matrices of the idealized structure. The second step deals with the

determination of particular dynamic characteristics of the rotor system

with the option to include realistic characterization of bearing

supports as well as various identifiable excitation sources. Recognition

of the logical breakdown of these two steps made it possible to devise

a strategy for the computational procedure which is cost effective not

only in the tangible sense, but also by providing flexibility to suit

the particular needs of the prevailing circumstances. Specifically,

efficiency is realized by

. system truncation to omit irrelevant details,

• use of "real" frequency domain analysis for all problem

situations,

judicial use of whirl coordinates, and

* employment of high accuracy interpolation of smooth functions in

the frequency domain.

These ideas are amplified separately below.

4.4.1 System Truncation and Active Degrees of Freedom

In the analysis of the rotor structure, if the distributed inertia

approach is used for shaft segments, the mathematical representation

is inherently truncated. While deflection components can be

identified at each intersegmental junction, their distributions

along the lengths of the segments are left obscure. For

instance, if idealized bearing support characteristics are assumed

so that the rotor system is conservative, an infinite number of

natural lateral modes can be computed. Since only a finite set

of deflection representations is available to describe the various

mode shapes, the dimensionality of representation is insufficient

and the mode shape description is not unique. This deficiency is

not serious, because only a finite number of the lower modes are

of practical interest. By heuristic reasoning, one may be

onvinced that ambiguity in truncated modal representation is
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VI

legitimized if the frequency domain is also truncated to limit

the total number of natural modes.

This argument can be extended one more step. Since the range of

frequency domain of interest is quite readily definable, only a

relatively small number of natural modes is of interest. This

usually means that there are more than enough inter-segmental

junctions to satisfy completeness in modal representation.

System truncation leads to considerable savings of computational

cost if the analysis effort goes beyond that for the idealized

rotor structure. While reduction of the dimensionality of mode

shape representation may enhance computation economy, there are

explicit reasons to identify particular locations of the rotor and

the particular degree of freedom where dynamic interaction of

various type may be of interest. Examples of active degrees of

freedom include the following:

Bearing Stations - Isotropic springs represent bearings in the

idealized rotor model. In order to allow more realistic

characterization of the particular bearing, identification of

the corresponding station is necessary so that impedance

alteration may be performed. This involves the lateral

lineal deflections for a radial bearing and the lateral

angular deflection for a thrust bearing.

Alternate Bearing Stations- If the need to consider

relocation of bearing support is anticipated, the alternate

bearing stations should be identified even though no bearing

constraint is assigned there in the idealized rotor model.

Mass Unbalance Station-This is where a mass unbalance type of

furcing function is assigned for study of unbalance respounse.

Gears - For rotors with gears, gear mesh and its harmonic

excitation of both lateral and torsional vibrations can
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be important. For a spur gear the applicable degrees

of freedom are lateral lineal deflections and the

torsional twist; the lateral angular deflections are

also involved for a bevel gear.

Impellers - Impellers are always potential locations for

mass unbalance, there are also possibilities of aerodynamic

cross-coupling excitation of shaft whirl. The latter problem A

can be emulated by assigning equivalent bearing coefficients

at the impeller stations.

4.4.2 Frequency Domain Analysis

Use of frequency domain analysis is equivalent to the solution of

time-dependent problem by the method of Laplace transformation.

The efficacy of this approach for conservative systems is widely

accepted, no further elaboration is needed here. By introducing

the concept of system damping, non-conservative systems can also

be treated. Full details of this method are given in Section 6.2.

Both damped response and stability analysis can be accordingly

calculated. In the present work, the frequency domain is confined

to the real frequency axis. Non-conservative aspects are described in

terms of phase shift instead of an exponential coefficient. The

well accepted concept of critical damping ratio is suitably defined.

Avoidance of the exponential temporal behavior has obvious

advantages in comp-tational economy. An additional benefit is its

direct correspondence to practical measurements. By and large,

experimental data of rotor dynamics pertain to steady-stateI. oscillatory phenomena. Interpretive ease is an important

advantage of the frequency response analysis.
A

4.4.3 Whirl Coordinates

In the analysis of an idealized rotor structure, use of whirl

coordinates simplifies the description of gyroscopic inertia and

associated computation effort. Even when non-conservative

elements are incorporated, it is still advantageous to retain whirl
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coordinates in the computation process, so long as isotropy

prevails. Verification of isotropy is performed automatically

in the computer program so that the simplified computation procedure

can be utilized whenever it is permissible.

4.4.4 Interpolation on Impedance Matrices j
The computer program allows the user to specify frequencies at

which response calculations are desired. Within the specified

frequency range, a search is always made to identify natural

modes. Since truncated representation reduces the rank of the

applicable matrices, interpolation from the available matrices

with respect to frequency is likely to be less costly than the

execution of a complete calculation cycle at a new frequtency. The

impedance matrices are used here because its elements always have

smoothly varying values. A cubic spline procedure was found to be

ve-y effective for this purpose. The cubic spline is described

in Appendix B.

[O
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SECTION V

FLEXIBLE ROTOR VIBRATION ANALYSIS

This section contains a description of the analytical background in the

"structural" treatment of a flexible rotor. The basic approach adopted

is patterned after Holzer [17] and Myklestad [18]. The rotor is de-

scribed in terms of a number of uniform shaft segments which are rigidly

attached to each other and share a common geometrical and rotational

axis. Rigid body inertia elements can be attached to stations between

the shaft segmenus or at rotor ends. Bearing supports, which affect

lateral vibration of the rotor, can also be assigned to intersegmental

stations or rotor ends.

It may also be necessary to identify a rotor station for the purpose of

recognizing the presence of external forcing or excitation. Most com-
monly, however, such a station would coincide with the location if a

rigid body inertia element. For instance, an aerodynamic excitation

would be located at an impeller which calls for a rigid body inertia

in the rotor model, Thus, the rotor would be described as a succession

of M shaft segments. Accordingly, there are M + 1 rotor stations at

which rigid body inertia elements, bearing supports, and/or external

excitations may be assigned. Shaft segment no. K is enclosed between

Stations no. K and K+I.* The last shaft segment, no. M, is terminated

by Station no. M+1.

To allow flexibility in rotor modeling, distinction is made between mass

and stiffness diameters. Thus, a complete description of a shaft segment

includes:

Z length of shaft segment (in)

D, inner stiffness diameter (in) I
D outer stiffness diameter (in)
o0

d inner mass diameter (in)1N

d outer mass diameter (in)
0

*Station K+l is regarded as being to the right of station K.
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3p density of shaft material (lb/in 3)

E Young's modulus (psi)

G shear modulus (psi)

A major departure from the flolzer-Myklestad treatment is the use of distri-

buted analysis of shaft segments. Thus it is not necessary to subdivide

a slender and long shaft segme:t in order to realize accuracy of higher modes.

The use of distributed analysis may not always achieve computational economy

since it involves transcendential functions. It is preferred because rotor

model input setup is simplified and the results are least sensitive to input

setup. The distributed analysis makes it easier for the user to achieve good

results without extensive modelling experience.

The analysis deals with small displacement periodic "iotions. The rotor

materials are assumed to obey linear elastic constitutive laws. Non-

conservative effects, however, can be introduced at bearing support

stations. Periodic time dependence is represented by the exponential
ivt

factor, e i All variables are allowed to assume complex values, with

the absolute value and argument of the complex number giving respectively

the amplitude and the temporal phase. Although one cannot directly

address the problems of transient motions and limit cycle vibration,

most commonly encountered rotor dynamic problems can be treated. The

following are state-of-the-art features included to permit an exhaustive

analysis of an advanced high speed turbo rotor:

0 The vibration frequency may be different from the rotational

speed

0 The bearing support characteristics can include up to 16

coefficients, representing both lineal and angular constraints.

0 The bearing coefficients may be dependent on both rotor speed

and vibration frequency. Thus, not only can one study a gas

bearing supported rotor, it is also possible to treat the

speed dependence of rolling element bearings, speed-frequency

dependence of tilting-pad bearings, and to emulate pedestal

compliance and inertia.
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0 Forced response is automatically calculated at damped

resonant frequencies.

o Rotor system critical damping ratios can be calculated

within user specified frequency ranges at all natural modes.

When a negative critical damping ratio is encountered, a

self-excited instability is indicated.

The analytical formulation is structured to minimize computation cost

when calculations are to be repeated many times for the same speed-

frequency combinations but with variations of external excitations and

bearing support characteristics. Two crucial steps make this possible.

0 A truncated computation system is reduced from the stations

of the rotor model. Only such stations, where external

excitations are applied and where variations of bearing

support characteristics are desired, need be included in the

truncated system.

0 A nominal impedance matrix is computed at each speed-

frequency combination by inverting the mobility matrix

of the truncated system. Variation of bearing support

characteristics is achieved by altering specific elements

of the nominal impedance matrix without repeating the

time-consuming computation of the rotor response from the

rotor model.

Due to the small displacement assumption, torsional and lateral vibra-

tions are uncoupled (except that a lateral excitation may simultaneously

exert a torsional moment).

In Sections 5.1 and 5.2, computation of torsional and lateral mobility

matrices will be separately treated. Also in Section 5.2, the concept

of mass unbalance as a rotating excitation is examined. In Section 5.3,

various aspects of the system impedance matrix as they are used in rotor
dynamic studies are reviewed.
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5.1 Torsional Vibration

In a torsional vibration problem, the primitive variables are (4, M),

the angle of twist and the torsional moment. 4 is a continuous function

and would be sectionally differentiable with respect to the axial

coordinate in each shaft segment, but the derivative, which is propor-

tional to the torsional moment, may be discontinous across a station

at which a lumped polar moment of inertia is attached.

According to the theory of torsion of slender rods [19].

M = G I d(5.1)
z p dz

where, Ip - D. ). Equation (5.1) is applicable in each shaft

segment. Using matrix notation, a torsional primitive vector, Qt may

be defined to have (4), Mz ) as its elements. For shaft segment no. K,

one can write fqt(zK), indicating the dependence of the primitive vari-

ables on the local axial coordinate zK. At either end of the shaft seg-

ment, one can define

~ ~=0) (Q, K= K(,t)K =.t 'K ' _-t'. = - t~zK= K) (5.2)

zK is the length of the shaft segment no. K.

5.1.1, Calculation at a Station

In the analysis of torsional vibration, the calculation at a

station is ma4 nly concerned with the d'Alembert effect of a

lumped polar mass moment of inertia. This is described Ly the

matrix equation

i_
where
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1 0 --

1(5.4)
L -1pK i

I is the polar mass moment of inertia at station K.
pK

5.1.2 Calculation Along a Shaft Segment

In a shaft segment, 0 < zK ,K' torsional dynamic equilibrium is

-iven by

M
z - ----- d-

SldM z z
dw

dm 2dM - -v (pJ p/g)K.O (5.5)
dzK

4 4
where J (d - d. ) is the cross-sectional polar moment of

p 2
inertia and g is the gravitational constant (386.4 in/sec ). Com-

bining with Equation (5.1), one obtains

2 
2_(Y V )  

(5.6)

ZK
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Where=

~~P K
The general solution of Equation (5.6) is

aI osy z K+ a 2sinyKv

Differentiating,

.I =asin v +a cosy
y Kv dz K 1 nKZK+ 2 YK

or, in matrix notation, one can write

S (z a a58
=t K -(58

where,

co y v K sin y -zK a l

L --Slly K vz K coyKVZKJ -a 2
*2YK v dYK (5.9)

Also,

where

L GtKV (5.11)
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Equation (5.8) can be inverted at zK 0:

a = S (0) -  •(0) (5.12)

Substituting back into Equation (5.8) and setting zK = £K' one obtains

. (£K) = St K • t (0) (0) (5.13)

Now, since

(t)K 9t "3(K)

and

-1

one can thus rewrite Equation (5.13) as

(Q) (T 2)K (5.14)

where

(T)) = 0 -1. a (

(t2)K __-= .t K ) t =t t)5-t iK

5.1.3 Torsional Mobiliv Matrix

Combining Equations (5.3) and (5.14), one obtains

K= ( K " (Qt)K-I (5.16)

where

(Ct)K (Tt2 •Tt1 )K (5.17)

(C)K is the torsional connection matrix of the primitive vec-or
=t K

from the right end of station K-I to the right end of segment K.*

*Station K+I is regaided as being to the right of station K.
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The left free end conditiev is given by

(5.18)

Thus the homogeneous solution for the torsional primitive vector at

the left of station N + I is

N l

homogeneous I K=I (-tN+1-K (5.19)
L0-

If a unit torsional moment is applied at station J, the corresponding

particular solution for N .> J is

N+I-J

t)N, particular K-1 (Ct)N+I-K (5.20)

For the right end of the shaft, on the right of station M 4 1, the

torsional primitive vector is

M F1
RI (C)S(-Qt)M+I (Ttl)M+I 1 t* (tM+1_ K

K=1 L-0i

M+I-J .
- Kl 1 Ct)M+I K

(5.21)
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or, writing

M IA 11  A12
(T ) C)12
(TtI)M+l K:I --)M+I-K :

LA 2 1  A2 2 J

M+I-J B" B l  B 12

(Ttl)M+I ' i (C) 
(5.22)

K=1 M+I-K (.2

21  822

then

(Q) - 4)

-t M M+1

SAB12-1

)21 22- j

Since the right end is free,

(Mz)M+l 1 = A2 1 - (B22)3

Therefore,

(822)3
A21 (5,23)

Substituting back into Equations (5.19) and (5.20), for N < J
/D
(A21 7 (Ct)N+'_K (5.24a)
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and for N > J

221 'N+-J
(R 2 2 ) I (e) N1--,

(C) - K (1
21 K=l K=i

0-
(5.24b)

To obtain the torsional mobility matrix, one must first identify the

set of active torsional stations S to which J belongs. Equations

(5.24) are then used to calculate (Qt) which belong to S The vector
t N t

of W thus obtained is one column of the torsional mobility matrix

corresponding to J.

5.2 Lateral Vibration

The lateral vibration problem is more complicated in many ways:

o The lateral motion has two degrees of freedom, which are

coupled together by gyroscopic inertia, fluid-film bearing

effects, and/or forcing functions.

o It is a fourth order system. Lineal and angular displacements

are distinct aspects of the motion. Together with the

"internal forces", bending moment and shear force, they form

a fourth rank primitive vector. "External force" may be

either a lateral moment or a lateral force.

o Journal bearing characteristics influence lateral vibrations

directly.

In the Cartesian coordinate system, the lateral lineal motion is described

by (6x,6 ). (x,y,z) form a right-handed triad with the rotatioral vector

of the shaft directed al.ong the z-axis. With the small displacement approx-

imation, the lateral angular displacements are

(sx's) = d (6x') (5.25)
y dz xy
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According to the flexure theory of slender rods [20], the bending

moments and the shear forces in the shaft segment are given by

dz2

(Vx,V) = E d 2 (6x ' (5.26)
xy (6z yI

where tie s3ymbols are defined as follows

V 
x

Sx y.~-iN

iM x x+dMx -

x V+dV ,Md I

Ldz ,

and where I is the cross-section transverse moment of inertia

tI

I = 7- (Do - D 4  (5.27)

For years, it has been known that the flexure theory of slender rods can

be improved if shear displacement and rotary inertias are also considered
[21]. Such refinements are often proposed to improve calculation accuracy

for higher flexural modes. In the study of rotor dynamics, however, such

theoretical refinements are overshadowed by our inability to cope with the

true conditions at the intersegmental regions. The questions here are

concerned with three-dimensional stress fields which are further coipli-

cated by assembly and fabrication details such as shrink-fit, flange-bolt-

ing, welding, brazing, and/or key-ways. Even with thp hpqt 'vi.ilab1

computer codes for three-dimensional elasticity, it is unlikely that these
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effects can be treated with sufficient precision to justify improvement

of the flexure analysis with shear displacement and rotary inertias.

The potential importance of rotary inertias, however, may also present

i'self in rigid body-like conical modes. The conventional flexure

analysis neglects the cross.-sectional rotary inertias and would thus

incur inaccuracy in the computation of such modes. This situation can

be remedied by adding one half of the cross-sectional rotary inertias

of each shaft segment to the intersegmental inertias at either end of

the shaft segment.

As indicated previously, gyroscopic inertia would cause coupling between

(sxs ). Thus if the Cartesian coordinate system were to be used to
xy

analyze the flexural vibration problem, the two sets ot fourth order

primitive vectors would have to be carried along simultaneously.

Fortunately, gyroscope cross-coupling is of the isotropic type, and by

employing forward and backward whirl coordinates, diagonalization of the

system can be restored. A brief description of the forward and backward

whirl coordinate system is given in Section 5.2.2, subsequent to

discussion of lumped lateral inertias in Section 5.2.1, where the gyro-

scopic phenomenon is treated.

The flexural primitive vectors applicable to shaft segment K in the

Cartesian coordinates are

x  y

f x  Syf (K)=IN ; f (zK
=  My (5.28)

Vx  V
x y

Following the same notation previously used in torsional vibration

auA.Lyb ib, LIIU flexural primitive vectors at either end ot the Kth seg-

ment may be defined as
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(qfx)K -qfx (ZK 0) (Qfx) K fx (ZK Y

(qfy)K =  Qfy (ZK= 0); (Qfy)K qfy (zK = (5.29)

Similarly, for individual elements of the flexural primitive vectols, one

may write

(6X)K 6x  (zK 0); Ox')K = x (K K (5.30)

etc.

Lateral vibrations are affected by bearing suppo-ts, the lineal and

angular atiffness3s of which respectively cause discontinuities in snear

forces and in bending moments. A complete characterization of a bearing

support would include damping, cross-coupling, and an-isotropy. These

aspects are deferred to Section 5.3.2. In the following nominal bearing

support effects are treated in terms of isotropic lineal and angular

stiffnesses which are assigned at appropriate stations.

5.2.1 Calculations at a Station

d'Alembert Effects

At a rotor station, a total representation of rigid body inertia

would include

mass,

aial offset of c.g., AK) to the right of the station.

transverse mass moment of inertia, J tK; and

polar m.,ss mor'ent of inertia, I

The location of these inertias is shown in the following sketch.
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(VI

egment (M) Segment I

Station K 2K-i K
angular /777-

K K StationK 
JtK K+I

'lineal Station JpK

The polar mass moment of inertia is the same as that used in torsional
vibration analysis.

Lineal dynamic equilibrium which accounts for d'Alembert effects, at
station K is satisfied by

= MK 
+ AK 

(5.31)

y d'Alembert y K (s
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Angular dynamic equilibrium is satisfied by

2 2
_(Mx)K v 2 MKAK (6xK 1  V- (JtK+KA2K) -ivwJPK (Sx)K

(My) pKd v2 (K MKA 2K) xyK "

yKd'Alembert yK-p KK yK

(5.32)

The off-diagonal elements of the rotary inertia matrix are gyroscopic

effects. Detailed derivations are referred to Appendix A. They are

responsible for an inherent inertial coupling between the lateral

planes for a rotating shaft and cause complications in computation

if the Cartesian coordinate system is retained for the lateral

motion.

Whirl Coordinates

The rotary inertia matrix has identical main diagonal elements, while

its off-diagonal elements have the same magnitude but opposite signs.

Such a matrix is isotrupic and can be diagonalized by using whirl coor-

dinates. The transformation matrix from Cartesian to whirl coor-

dinates is

W =- (5.33)
= 2

such that the lateral whirl displacements are

1 (5.34)

W 1 y
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w represents a forward circular whirl motion while w is a backward

circular whirl motion as illustrated below:

|w
4 VV

Vt 1

y

Forward Whirl Backward Whirl

w, ("." designates either a forward or a backward whirl vector) is

the amplitude of the circular whirl orbit, while Arg w is the

phase advance in the same sense as the respective whirl motion rela-

tive to the chosen time reference.

The same transformation applies also to all other vectors in the

lateral plane. The inverse whirl transformation is

= WI= Ii(5.35)

If A is an isotropic matrix in the Cartesian coordinate system,

a a

-a a2
2  1

thea its representation in ,hirl oordinates .

-ia 0

A=W A W-2 (5.36)

a + ia
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Applying this formula to the rotary inertia matrix in Eq. (5.32), one

obtains

* 2 U2 
.1J0

2(JtK + )- Jp 0 

- I (5.37)

2 2
L0 V (J + MAK)+ vwJ

One may observe that, upon transformation into whirl coordinates, the

rotary inertia matrix becomes simplified in two ways:

o off-diagonal terms are eliminated

o all elements of the matrix are real.

Representation of the lateral motion in whirl coordinates also

facilitates its kinematic description. Any simple harmonic motion in

the lateral plane describes an elliptical orbit. bse of Equation (5.34)

allows one to characterize the elliptical orbit by (w, w). Referring

to the illustration on the next page, one readily observes:

R = Major Orbit Radius = iw + w (5.38)

R = Minor Orbit Radius = Iw- (5.39)

R2

S& "I '  (5.40)

Rotational Sense = Sg '- " (

When the orbit reaches its major axis, the radii of the two counter-

rotating motions are coincident; therefore

a Inclination of the major axis

vt + Arg w = - 1vt + Arg w (5.41)

21 I. " -- 2 i~ - A~ w

and the polar angular coordinate for the temporal reference, t = 0, is
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-1 m(W + W)
6 =tan +(5.42)

Rew +W)

Combine~d Effects of Inertias and Support Stiffnesses

Shear forces and bending moments at a station are also affected by

bearing support characteristics, vhich are represented by isotropic

lineal and angular springs here. ombining the effects of inertia

elements and springs, the jump condition at station number K can be

written in the whirl representation as

whiere

~~f1~K(5.44)

and

-2mA" 2 (j + MA_2) vwJ + (K )-
K K tK K p K angular K

LVK li(Keal)K A
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5.2.2 Calculations Along a Shaft Segment - the Dynamical Flexure Solution

The dynamical flexure problem, written in whirl coordinates without
rotary inertias and shear deflection is governed by

dV 2 A w (5.45)

Combining with Equations (5.25 and 5.26), one obtains the ordinary dif-
ferential equation for

d4

(EIt K _z k 4 v (--g)K w (5.46)

and its general solution is

-- CI cosh CKZK + C 2 sinhK zK +3 Cos KZK + C4 sin CKZK (5.47)

where

(V2 gEA) (5.48)

K gEI~

Elements in the flexural primitive vector are related to up-to-the-third-
order derivatives of w. Arranging them into a fourth rank column vector,
one can write

I=f(z (5.49)
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where -~

cosh rtK zK sinh rK zK COS r'K zK sin

S sinh t'K zK coh CK zK -sin C K zK Cos zK

sinh r oh z nz Cos Kcos 4 K ih KK CKK -si K KZKj

1
I dw C £

- 2
I K dz K

1 d w C
2 -

Kz (5.50)

1- 3 --- 4
KdzK

The flexural primitive vfector at the beginning of theC shaft segment,

( )'is related to w (z K 0) through scale factors which are
associated with (E, It9 At the same time, allowance for rotary

KA
inertias of one-half the shaft segment can be made in a manner similar

to the treatmi~nt of lumped inertias at a station. Thus

(S2) ~~ 0f %(0) (5.51)
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where

0 0 0

01 0 0

f2)K 
2

0 0 0

10 0

0 K 00

af =
(5.52)

0 0 CK(EI)

tK 00

0 0 (EIt)K

Similarly,

)K 2)K __Z (k) C (5.53)

Eliminating C between Equations (5.51) and (5.53), one obtains finally

!K [42 f z K 1f21K (qf)K

(5.54)

5.2.3 Lateral Mobility Matrix

Combining Equations (5.43) and (5.54), one can write

Qf )K v ) )- (5.55)
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where

(C T± (5.56)

which is the flexural connection matrix of the primitive vector from the

left side of station K to the right end of segment K as written in whirl

coordinates.

The left free end condit.ion is given by

rl 0-1

= ,01 (557)+0' 1 0

0 01

Thus the homogeneous solution for the flexural primitive vector at the

left of station number N+I is

(f )N homogeneous

N

K=I I (5.58)

0

If a vnit transverse force (in whirl coordinates) is applied at station J,

the corresponding particular solution for N > J is

(f)N, particular, force at J

N+]-J 0
- Ii ( C f) N + - ( 5!

K=l =f N K Li J
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According,, -*or the right end, on the right of station M+1, the flexural
primitive vector is

-q)~ ,force at J

= ~ 1M+1 (Cf M+1-K
{K=l

+ Hj (C) (5.60)
K =f M+1-Kj

One may vite IAl A 12 A 13 A1

N IA A A A
~~1~+ ~ ~21 22 23 24

K 1 A A A A31 32 33 34

A 1  A 2  A 3  A41 42 4 44J
flexure

VBi 81 B B
11 12 13 14

M+- 21  822 B23  824

~ OM1- - 31 832 833 834

B B B B
41 42 43 44

JflexIe

(5.61)
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Note, that notations conflicting with Equation (5.22) are used here.
therefore annotation "flexure"i is used to emphasize the distInction.
Since the right end is free,

-n

A31  A32 , ~ W, [ 34

L A41 A-2 flexure ] force at jL44 J, flexure

Or,

1w A31  A3 - B34~

!A41  A42  B 4force at J ijflexure L8 4J, flexureK

(.-.62)
Substituting back into Equation (5.58), for N<J,

31 32 34

tA 42 44,( t Nfore a .1 - "flexure L 4 t 1 . flexure~
K-1

(5 .63a)
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and for N>,J,

f N, force at J

A 31 A3 21
'141  A42]

H. (C)N1?Jflexure

-J, Ilexure

0'

N+l-j0
+ it (Cf)N+l-K

1J(5.63b)

Similarly, if a unit moment is applied at J, then for N<J

-Nmoment at J N A -1

N A A 2
II (C )flexureB

K=l 43.~-K- J, flexure 3

- (5.64a)
and for N: J

f N moment at J

F j 31  A32

[A4 A 42,3

(ffN+l-K [A1 flexure
1u3J, flexure

N+l-J 0-
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In a flexural system each station may provide either one (w or 9) or two

(w and 0) degrees of freedom. Thus, to construct the flexural mobility

matrix, one must first identify, Sf, the set of active flexural degrees of'

freedom to which (w and/or O) belong. Equations (5.63 and/or 5.64) are then

used to calculate (f)N for all N which belong to Sf. The array of (w and/or

0)N thus obtained is the column(s) of the flexural i',bility matrix corres-

ponding to the particular degree of freedom at J.

5.2.4 Unbalance Excitation

A common problem in rotor dynamics is the unbalance response. The

unbalance problem arises when the center of gravity of a rotor section is

not coincident with the axis of rotation. One may elect to describe the

situation in terms of a mass moment at the station K, (M6) K . The phenomenon

of mass unbalance can be understood by studying the rigid-body d'Alembert

effects of a rotor section which contains the unbalance mass moment. The

chosen coordinate system (x', y', /') is fixed to the rotor section wiLh the

x'-axis passing through both the cross-sectional reference center, which 4

is the intersection of the cross-section with the nominal rotor axis under

a reference static condition, and the mass center.

~Mass
Center X
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The instantaneous position vector of the mass center can be expressed b
according to the parallelogram ]a, as the sum of the position vector

pointing to the origin of the body fixed coordinate system and the

relative position vector of the mass center in the body-fixed coordinate

system; thus

R + 6R (5.65)

6K measures the shift of the mass center from the cross-sectional

reference center

where,

R 0 1 XI + 1 2 x2 +  3 x3

6R = 1 6 K (5.66)

(i ,i 2  i 3 ) are body-fixed unit vectors while (il, i2, 13) are earth-

bound stationary unit vectors. (x,y,z) are components ot the instantaneous

displacement of the rotor axis. These two sets of unit triads are linearly

related to each other through three successive rotational transformations

(translational transformation has already been included in R0 ). In matrix

notation,

_ , -¥

i = • 1 . •i (5.67)

where

_z~ = 2 =I i2  (5.68)

!22

3 3

65 203

i



1 0

G = 0 cose sing

0 -sing cosJ

Fos 0 -sin '

~ 0 1 0
Lsin 0 cos€

_ sin cos

0 (5.69)

-440 2,

3
'23

3

(@Oq)are the Euler angles. The geometrical interpretation ol" Equation

(5.67) is illustrated above showing the three steps of rotation trans-

~formations :

i ill

L ,,. ( 5 .7 0 )3
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For small flexural deflections, '64) are regarded as infinitesimal angles.
Time-derivatives of i can be expressed in terms of time-derivatives of
(O,pI); that is

+1 
(5.71)

where

0 -sine cose e

-cose -sine

-sinO 0 -cos4

0 o 0 o

oso 0 -sin _1

1-sin cos 0

Sc-cosO -sinO 0j 0

o0 0 (5.72)

Equation (5.67) can be inverted:

0 =D • (5.73)

Substituting into Equation (5.71), one obtains

Equaion' .*-i " j -I . - (5.73

3+ . - 1 + • 0

_w -i! (5.74)
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where,

W = 9 cos cosF +4) sin

2 = -0 cos sin +4) cos* (5.75)

Wt = 9 sin4 +3

and

I °'3 '2 2 2 32

• "W W W

-o -+ ,,2 3 , ,2 ,2
3L"'2 "'w 3 1' -w 3

(5.76)

where,

U3 9 cos) cos) + 4)sin p - 9 sin) cosp + coslp - p9cos4) sinv4

W -9 cos4) sinp - 4)Cos4) + 9)sin,, sinij-48 sin) - 4)9 cos4) cos4J

9 sin +4 +94 cos4 (5.77)3

If flexural displacements are small, (9,) are regarded to be infinitesimal.

Then Equations (5.75) are reduced to:

Wi z Co04 +4 sin'

w2 z -9 sinp +4) cos (5.78)

Accordingly, neglecting second order infinitesimal terms,

4 f
3- ww 0 2 3~j

Lw ' 3 31) j. I20

2 -'U1 0 _ 0 '-, )3
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and

z 9 cos + p sinp +

23 -9 sinp + @ cos, - i cosy (5.80)

The d'Alembert force can thus be obtained by taking the second time

derivatives of Equations (5.65) and (5.66):

,- ..- +

- MR 1' Mo - 1 ~k
k)

And, making use of Equations (5.79) and (5.80),

-, - M ° - 6k {i (ijj) 2 + p + ti (9 sinl - 4 cos !

+ 2$6cos + 2i6sin)} (5.81)

In an ideal situation, all sections of the rotor would be perfectly

balanced so that 6 k = 0. Furthermore, in the absence of other forms of

vibrational excitation, (jIR*0J, 9, ) 0 and w = constant is the

rotational angular speed. The dominant effect of the unbalance response

problem is measured by the magnitude MS kwk2 Constancy of F would be

perturbed by rotor acceleration and/or torsional vibration. Ordinarily,

both are secondary effects. The rate of angular acceleration usually is

small in comparison with the rate of rotation and the torsional twist is

generally a small quantity. Thus, one may write i = w + S ', 6p being
the'"rotational rate perturbation". (&p, 9,54) are regarded as first order
pturbations. Equation (5.81) can thus be reduced to

, , °,

-M[ ._M ° +1 t 6 2 (5.82)

o 1 k
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-M R° is the d'Alembert force which is already included in the lateral
vibration analysis. Since 1i Is fixed with the rotor cross section,-p ~ 21

"IfI 6 W represents the unbalance excitation in the form of a centrifu-

gal force, which has a constant amplitude and is revolving synchronously.

Thus, one may conveniently use the whirl coordinate system as described

in Section 5.2.1. The unbalance excitation would be represented by the
2

constant M6 k w as a forward whirling force. If unbalances at different
axial locations are in various radial planesa complex number would be

used; the amplitude would be the magnitude of the centrifugal force, and

the argument would indicate the angular orientation of the unbalance

measured from a suitable reference in the same sense as the rotation

vector. One may observe from Equation (5.81) that acceleration of the

rotor, M6 k ) would appear as a lag component as illustrated below.

tan

+ 2 2
6 k6

With acceleration, the apparent phase angle is

-tan -  ) (5.83)

and the apparent amplitude is enlarged by the factor

/2(2 41/2 2 (5.84)
fm08 + /W
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When processing unbalance response data during Lcceleration or deceleration,

compensation for these effects may be necessary.

5.3 Impedance Matrix

5.3.1 Combined Isotropic Matrices

In Section 5.1 it is shown that a linear relationship exists between

the angle of twist at station m, 4m and an externally applied

torsional moment at station n, Mz n, at any oscillation frequency v.

This can be written in the matrix notation as

I Mtorsion M (5.85)

A is a square matrix, the elements of which may be dependent=torsion
on v. Since the torsional vibration problem concerns a conservative

system, A is symmetrical in accordance with the classical

theory of mechanics. I and M are column vectors, the elements of-z

which respectively designate the angles of twist and applied

torsional moments at various stations of interest.

The analogous flexure problem was described in Section 5.2. The

motion at each rotor station for a flexure problem consists of four

degrees of freedom. The flexure motion may have componeiits in either

of two lateral orthogonal planes. As shown in Section 5.2.1, due to

the gyroscopic effect, it is more convenient to use whirl coordinates

to represent the flexural motion instead of the more conventional

Cartesian coordinates associated with the lateral planes. For either

the forward or the backward whirl component, the flexural motion at

station m is described by both a deflection w and an inclination,

. External flexural excitation at station n can be similarly

represented in whirl coordinates and consists of both a lateral force,

Vn and a lareral moment, M The applicable matrix equation is

A- flexure F
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W, which describes the flexural motion, is a column vector of an even

rank. The upper and lower halves of W respectively represent the

forward and backward whirl components. At each station, for either

the forward or the backward whirl component, the deflection and the

inclination make up a pair of elements of the W vector. Thus the

contents of W are (wI, 6V ...; W2 , 2 "). F is a column vector
_ 121 2'"

describing the flexural excitations. The elements of F are the lateral

force and moment of either whirl component. Since the rotor structure

is symmetrical and bearing supports are approximated by isotropic

springs, the forward and backward whirl motions are uncoupled. Thus,

A is empty in the off-diagonal half partitions and can be=lexure
expressed as

A =1(5.87)-flexure

and A are of half rank. Since the flexure problem (with bearing

supports approximated by isotropic springs) is also conservative, A

and.A are both symmetrical. j and W can be put together to form a

generalized displacement vector x, and correspondingly, M and F

would be put cogether to form the generalized force vector P.

If and W contain only elements which are identified with stations of

the rotor, then Equations (5.85) and (5.86) are actually truncated

representations of the physical system as computed by the procedures

outli.ied in Sections 5.1 and 5.2. Suppose there are N shaft segments,

then there are N+l stations. The rank of j is N+l while that of W is

4(N+1). Due to the distributed method of analysis of the shaft

segments, the number of free modes which can be calculated accurately

is unlimited. In contrast, with a lumped parameter analysis [22], mass

effects are assigned as rigid bodies at the stations while shaft

segments are regarded as massless torsion/flexure springs; accordingly,

one can only calculate N+1 torsional modes and 4(N+I) flexural modes.

Actually, the accuracy of the higher modes as computed by the latter
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method is questionable; one ordinarily would accept only about the

lower 1/3 modes as accurately calculatee°

Truncation can be carried out further by omitting some stations

altogether, and/or by leaving out one of the two flxure motion

parameters (deflection and incliniation), and/or by disregarding the

backward whirl motion if the rotor system is known to be isotropic

while the excitation is a pure forward whirl (e.g., unbalance). In

addition, torsional and flexural problems are usually separately

treated. For example, suppose there are 10 rotor stations but only

the following degrees of freedom are considered to be active,

Active Station Number

Torsion 2,9

Deflection 1,2,6

Inclination 2,9

and that whirls in both senses are of interest; then the generalized

displacement vector is

2

i9

w1

W2

82

x - (5.88)

89

w

W2

2
. 6
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The total rank of this formulation is reduced to 12 from the maximum

possible rank of 50. The major motivation for rank reduction by

truncation is to achieve computation economy. One should retain only

sufficient active stations and/or degrees of freedom in order to

describe the mode shapes in sufficient detail and to allow considera-

tion of various engineering considerations such as:

Balancing corrections,

* Bearing support variations,

Bearing relocations,

Aerodynamic excitation,

Wheel shroud rubbing, and

Geared coupling of rotors.

Reg3rdless of the extent of truncation, a conservative isotropic rotor

system can be represented by the combined matrix equation

X = A P (5.89)

where,

A X= W ; P = F (.0

W F

And the A matrix (commonly known as influence or mobility matrix) is

quasi-diagonal; that Is,

A .0 0-

A =(5.91)
A 0 0

Atrs A and A are all symmetrical. Upon inversion, one obtains

P = K •(5.92)
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where,

0 01
[Itorsion -

K 0 K 01

0 o K
L!

K = 
1  

.;±.~ ;K _(5.93)

=torsion =torsion = = - -

K is known as the stiffness or impedance matrix.

5.3.2 Study of Bearing Effects - Impedance Alteration

Representation of a bearing support by an isotropic spring, together

with the use of whirl coordinates, allows considerable simplification

in the computation of A and its inversion to obtain Kfle in

two ways:

All elements of A are real.
=flexurearrel

xA is empty in its off-diagonal half partitions.
=fl1exure

However, fluid film bearings, which are in increasing use in modern

rotating machines, are commonly described by eight coefficients .

Thus, in Cartesian coordinates, reactions of a fluid film bearing to

lateral displacements are expressed as

FK ivB K + ivB 6x lxx + i Bxx xy + i Bxy 6
= - xy y |(5.94)

FyJbrg 'Kyx + ivB K + ivB 6yJ
b&YX yy yy,

The equation governing fluid film journal bearings is self-adjoint with

respect to squeeze-film motion. Therefore, Bxy = Byx generally holds.
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Upon transforming to whirl coordinates according to the procedre

outlined in Section 5.2.1, this becomes

FF 1  iz .L AZ + 1AZJ FW5 .5
F r al- iA7ZL Zil + iL i

where

i iZ = {(K + Kyy) + iv(B + B)i

IAZ (K K + i(B -B )}

Z i.K K + iv(By B }

S Kxy vx y yx

AZ = {(K + Kyx + jv(B + B } (5.96)
2 x y X xy yx

If one recognizes that the nmtrix of Equation (5.95) should repLace the

stiffness coefficients of an isotropic spring, then one can write, for

the particular station in concern

L Jisotropicspring

-{ Zj, -k-iZj AZ I+iZ_ W

• j I I .( 5 .9 7 )

I I actual Az  -  L  Z -k+iZ LW

Upon substituting this relation into Equation (5.92) and regrouping,

one finds

;K 0 1

K + K (5.98)
flexure =alteration
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to be the flexure impedance matrix with the actual bearing character-

If, for instance, such an alteration is applicable to station 2 of

Equation (5.88), then

KI
=;alteration

0 Z-k-iZ_ 0 0 0 0 aZt+iAZj 0 0 01

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 (5.99)

0 AZjI(iAZ 0 0 0 0 Zio-k+iZLO 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 00 0 0 0 Oj

By such a procedure, the influence of varying bearing characteristics

can be studied without repeating the computations described in Section

5.z.

It should be clear that since the alteration procedure can subtract

from one station t! stiffness which was originally assigned to it in

computing the original isotropic mobility matrix and add some stiffness

to another station, so long as both stations have been identified as

active staticns, one can evaluate the effects of relocating bearings

quite conveniently.
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5 .3  ca i f impedance Matrix

Each diagonal element ot thv impedance matrix is roughly the iinea"
combinatio, at stiffnesb, inertL, and damping effects associated
with the portion of rotor near the junction represented by the
matrix element. in typical problems, the numerical value of the matrixelement can be quite large, it is not uncommon to be in excess of
100. I'he determinant of the impedance matrix s then of the order of
(106)N, N being the rank of the matrix. Even in a truncated repre-
sentation, several junctions would be identified as active degrees
of freedom; for the lateral vibration analysis of an azisotropic
rotor the rank of tne matrix would be twice the number or active junc-
tions. For instance. it four junctions are active, N would bu eight.
Thus, computation o2 the determinant of the impedance matrix, which
is done repeatedly in treating the eigenvalue problems, very large
numbers, in excess of li , are encountered. This situation readily
causes difficulty of exponent overflow in numerical computation. The
problem is proportionally more serious when higher modes are tieated.
Rescaling of the impedance matrix is therefore necessary to ensure
trouble-free computation. A suitable rescaling procedure is to
divide each element of the impedance matrix by the sq.-re of the
excitation frequency (frequency is measured in radians/sec here).By so doing, a diagonal element is converted to a mass from inertia.
Its range of numerical value then becomes bounded within very
reasonable limits.
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SECTION VI

EIGENVALUE PROBLEMS

6.1 Diagonalization of the Impedance Matrix

Given the impedance matrix K, which may contain the actual bearing charac-

teristics, one may pose the question whether or not one can find the

condition

K * x KX (6.1)

This equation indicates that premultiplication of the displacement vector,

x, results in the uniform "complication" of all elements by the same factor

<. It can be rewritten as

(K - K 1) x = 0 (6.2)

where I is the identity matrix. In the last form, one is confronted with a

linear homogeneous system for which the only non-trivial solution is

satisfied by the condition

1K - < il = 0 (6.1)

Only dis(crete values of K = K can satisfy Equation (6.3). Associated with

',ach is the modal vector x , which together with K satisfies Equation

(6.1). The homogeneous nature of Equation (6.2) makes the amplitude of

A an indeterminate quantity. A common normalization condition is to

equate the largest element of x to unity. Since K is dependent on the

frequency of motion, v, K and x are thus also frequency dependent. The

mathematical problem outlined above is known as an eigenvalue problem.

Equation (6.3) is the eigenvalue or characteristic value equation; the

roots of which, Ki. are the eigenvalues, and x. are the eigenvectors or

modal vectors.

t 6.2 Pseudo Single-Degree-of-Freedom Concepts

K in general can be a complex quantity, hence one can write

/ v ) V V (6.4)
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Substituting Equations (6.1) and (6.4) into Equation (6.2), one

obtains

. - (u + iv)x (6.5)

which may be regarded as the modal force. Of special interest is the

condition

u (va) - 0 (6.6)

which defines the natural frequency v at which x could be self-

sustained provided va (va) also vanishes. If va (v,) does not vanish,

then its sign indicates whether P would be providing energy to the-U
rotor system if v > 0, or P would be removing energy from the rotor

system if v < 0. Drawing analogy with a single-degree-of-freedom

mass point system, the above reasoning suggests that Equation (6.3)

may be expressed as

2
W jI - I I - (k - myV + i(v c - v ) 'R (v,c) (6.7)

m may be thought of as the modal mass, while c would be the modal

damping coefficient. Extending the analogy one step further, the

modal critical damping ratio may be defined as (6.1):

C

9 a (6.8)a 2mv
aca

Computation of (v a, 8) is of great importance since ve indicates

the frequency at which a natural mode tends to oscillate and 1/8
a

is an indication of the excitability (amplification factor) of the

natural mode. The condition 8<0 signifies an unstable condition

such that x would require external dissipative restraint in order

not to become unbounded in amplitude.
5

In the study of rotor dynamics, it is usually desirable to solve the

eigenvalue problem within a specified range of v. Since the elements
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of K are smooth functions of v, it is feasible to adopt an inter-

polation strategy. The isotropic rotor problem would be solved at

suitable intervals of v through the desired range. Since the rank

of K is reduced to a minimum by truncation, an accurate interpolation

scheme car be systematically implemented very economically.

6.3 Computation of the Conservative System

Since the rotor structure as modelled in Sections 5.1 and 5.2 is non-

dissipative, and if the actual bearing characteristics are also

conservative, then onc can expect c a, v a - 0 so that Equation (6.7)

becomes

W - (k - m v 2 ) Ha ()

In fact, if up to N natural modes are of interest, then one can write

N2
W n (k -m v HNO )  (6.9)

It is relatively straightforward to determine the roots of such an

equation by numerical interpolation. However, for rotors of common

interest and in engineering units, v would be a relatively large

number, while m would be a number of moderate magnitude. Thus

Equation (6. 9) tends to behave like an undulating function which

has an ever-increasing envelope. Numerical interpolation of such a

function may not be accurate if it is to be performed over a wide

range of v. It has been determined through fairly extensive testing

that a cubic spline interpolation procedure is quite satisfactory,

provided each element of K (therefore K also) is first divided by v

and a uniform geometric progression is adopted with consecutive

increments not to exceed 10 percent. The cubic spline interpolation

algorithm is discussed in Appendix B.

6.4 Computation of the Non-Conservative System

If it is not known in advance that the rotor system is conservative,
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v is an unknown quantity. The eigenvalue problem involves the solu-

tion of

w(, a -iv IK- ivc I
aa a

= U(v, c) + iV(v , c)

-0 (6.10)

(U,V) are required to vanish simultaneously, yielding two conditions

to determine the values of (va, c ). This can be done using a two-a<
parameter Newton iterative scheme. Assuming that (v', c') are fairly

a a
good estimates for (vat c ) so that

Sv V -v'; 6c c - c' (6.11)
Fa a a

are respectively small quantities in comparison to (v , c ); then one
aa

can approximate Equation (6.10) by its Taylor series expansion:

0 U,+6 +S
a a

0 V' + v--+6v-- + ... (6.12)

Ot oX

aV a'

The necessary improvements are found by truncating Equation (6.12)

beyond the first order expansions and making use of the Kramer's rule:

ac a (6.13)L -7 j u'T ac t a v' v' '

where

(U', V') are values of (U, V) at (v', c').
a a

In principle, the above formulae can be used repeatedly until (Sv, 6c)

become negligibly small. In practice, a number of algorithmic

difficulties must be resolved. They are enumerated as follows:
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A logical procedure is needed to initiate the

iteration process; what should the first values

of (V, c) be?

If (v,, t') are not sufficiently close to (Va ),

an excessively large value of tv would be found

so that the improved value (v + av) would be t

outside the frequency range for which K is

available; how should the iteration process

continue?

Suppose one set of (v, c) has been established,

how can one avoid repeated convergence to the same

set in subsequent iterations?

Since v and c have different units, how should
a

c be scaled?

First Estimates for (v , c'

There is no simple way to estimate c' for the first time. In fact,

one does not even know whether or not the system is conservative.
Under the circumstances, c' - 0 may be assumed for the first time.

This has been found satisfactory even for cases where the final c

ultimately approaches a relatively large magnitude. With such an

assumed c,, one wishes to determine v' such that (U', V') are both

as close to null values as possible. This is equivalent to seeking

the minimum condition of U'2 + V'2 ; or

U' U' ' - = .U'.2 + V'2 +V 0 2+' Vt + V1 __
r IV,2  IV 2

within the assigned frequency range. This can be readily accomplished

with the cubic spline interpolation method which is described in

Appendix B.

It is quite possible that U'2 + V'2 does not have a minimum in the
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specified range of v, then the geometrical mean of the extreme limits I
can be used as the first guess for V1. f
A provision is made to allow the user to enter first estimates for

(v , c.) of his choice. This is done by assigning the value -1 to

the parameter IBEG in input card 14 and then using input card 17 to

enter the desired first estimates.

Excessive 6v

If the current values of (v , c,) are not sufficiently close to the

eigenvalue set, 6v would be excessively large in magnitude to project

the improved V. beyond either extreme of the specified frequency range.

Since an extrapolation scheme would not be dependable, it is necessary

to keep trial values of V' within the limits at all times, Thus, uponct

detecting the trend for Vt to pass beyond either limit while the current

v ' is not at the same limit, 6v is scaled down to place v; at the limit
a0

while 6c is scaled down by the same proportion. If the current v' is

already at the same limit, then the geometrical mean of the extreme

limits of v would be used as the next trial value of v while c' would

not be changed.

If the specified range of v actually does not contain an eigenvalue

set, the above situation would be cycled indefinitely. A limit ou

the maximum number of iterations is imposed to terminate the search.

Experience has indicated that a maximum limit of 20 iteration steps for

each set of (V , c.) is satisfactory. In most test cases, convergence

is reached in ajout six iterations; only very seldom it was found

necessary to exceed 10 steps.

If the iteration progression should attempt to exceed either limit

of the frequency range repeatedly, the value of the iteration residue

(U')2 + (V') would accordingly oscillate. Such oscillations are

allowed to occur three times. When the fourth time is detected, the

computation will be terminated and a message is printed out to indicate
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the direction of shifting the frequency range for a subsequent trial, if so

desired, as suggested by the iteration history.

Computation of(m. 08

Upon satisfying Equation (6.10) by repeated iterations with the aid of Equation

(6.13), (v , c )become known. Since the iterative steps also involves the
a a

computations of

awl u
VC OVt$ C1i

and

aw au avi
a a c a a

one can subsequently compute (me c'

If one formally differentiates Equation (6.7) with respect to v and c, it is found

aw2a
(-2m v ic) H + {(k - n 2  + i(V - 0

aw 2
ac CL ai ai ac

Allowing the limiting process (v+v ,C-p*c)

OL a

av-i Ht a c)
ci ci
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H can be eliminated, yielding

= 8 - i(2m (6.15)
( ac) V a

Therefore

1 . , (aw/au,1 2 mt(aW/acJ} 
(6.16)

and

Re [ W/avl 1

act m 4QW434 (6.17)
(aw/a)c) ] e

The real part of Equation (6.15) yields the redundant conditnn

C V Re {/1 IVc

since c is directly calculated in the iterative process. Accordingly,

Ca ~~ow/av)11 V

. a (aW/a ) I"(6.18)
%" . , ;(wia )I, Caz8

is an indicator of the precision of the numerical computation of the complex

derivatives (aW/av, DW/ac).

Avoidance of Previously Determined (v , c )

a a

Equation (6.7) can be extended to include all eigenvalue sets within the fre-

quency range. Suppose N eigenvalue sets are in the range, then one can

write
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N {(( -m )+ i(vc -vc))H(V,c) (6.19)

H does not vanish in the range for any value of -a. Upon finding the first

set (k1, i1, c1)  one can divide out the factor

(kI - m V) + i(VlC1 - vc)

to obtain

W
W2

(ki - mlyv) + i(vic1 - vc)

N1 i(k -m V) +i(Vc -vC) (VC) (6.20)

(U1, VI) and their derivatives are used in subsequent search for (v2, 02)

The process is repeated every time when a new set of (vaQ ca) is found.

Scaling of c

The question of scaling ca comes up when one introduces the concept of

modal critical damping ratio, Equation (6-8), in which the modal mass m

appears. Actually, without an appropriate scale for c.a, (aU'/ac , Wv/a)

which are needed during the iterative search for cy, cannot be computed by

finite difference.

Fortunately, these derivatives can be calculated by an analytical method. This

derivation is as follows:

[ M
aw Maw

Tc [= m ~ Q 9( ivc)

where M is the rank of the system ana where K -ivc is the mtn aiagonal element

DW

of the matrix [K- ivclj. The derivative can be computed by using

( -iVc) b
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two matrices. The first matrix,, ()'Is that formed by substituting unityfor the mth diagonal element in [~-ivcV) The second matrix, A(Owm isthat formed by substituting zero for the mth diagonal element In [E.- ivCJ).
From these

so that

__ H 
21-iv JK ((K, 

(621
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APPENDIX A

GYROSCOPIC INERTIA FOR SMALL LATERAL ANGULAR OSCILLATIONS

In the analysis of lateral vibrations of a high speed rotor, gyroscopic

inertia must be considered if the motion involves an inclination of the

rotor axis. The problem is essentially a straightforward application of

Euler's theorem of angular momentum. However in the conventional

presentation of Euler's theorem, the Euler angles are so chosen that a

quadratic combination of their time derivatives appear in the angular

inertia. Since the late ral inclinations are always small in practical

problems, it is convenient to identify two of the Euler angles with them

and hence the angular inertia can be linearly related to the time deriva-

tives of the lateral inclinations.

The treatment to be presented applies either to a portion of a rotor,

which can be regarded as a rigid body (see Section 5.2.1), or to an

infinitesimal element of a flexible shaft segment, which is regarded as

a rigid disk (see Section 5.2.2).

The angular momentum of a rigid body is

- . I (A-l)

- is the angular velocity; I is the second order moment of inertia tensor

and is an invariant in body-fixed coordinates. Let (t' ' T3) be a
1, 2' 3

triad of unit Cartesian base vectors attached to the rigid body at its

mass center, then

k mm k1 k1 1

where Ikl is an element of the matrix 6

2 0)

rrr2
I n& n n dl (A-3)
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dM is a mass element of the rigid body. (C,n,c) are coordinates of the

location of dM with respect to the body fixed base vectors. ak1 is the

Kronecker delta. The summation convention applies in Equation (A-2).

Since the origin coincides with the mass center, all off-diagonal terms

of Equation (A-3) vanish. Thus,

I +i I i I + i I (A-4)
- 1 1 2 ' 3

where, 2 2
1 f2 + )dM

2 J12 ( + C )dM

2 f
3 ( n )dM (A-5)

(11,12) are the two transverse moments of inertia, 13 is the polar moment

of inertia.

The body fixed base vectors (ill 1, ) may be related to a set of ground

fixed base vectors (i1, i2, £3). Let i3 be coincident with the rotor axis+p . -+

and 3 be coincident with the bearing axis. (il, i2, i3) can be mapped

onto (i{, i2, i;) through three successive rotations through the Euler

angles (O, ,@) as illustrated in Figure 3.

If a rotation about 1i through an angle 0 is performed so that i3 is made to1 3
fall on P' t is accordingly moved to t'. In matrix notation, this is3 2 2
represented by

.i 11 I1 0 0

2 • ; 0 0 cos8 sine (A-6)

1i i 0 -sinO cosO
3 3
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The second rotion is about i" through the angle

SCos* 0 -sine

i'0 - 0 1 (A-7)

+ +
i'L is sin* 0 cosj

+

Finally, rotating abou- i' through T:
3

it cos, sin* ]

i T  . il ; 1 - -sin* cos 1 (A-8)
2 2 10

+ +
,3 3L 0 0 

Note the (eO) are actua1iy the lateral inclinations and would be regarded

as infinitesimal.

Time-deriva'tives of the Euler angles contribute to the angular velocity

of the rig.'d body. Writing

W - 1' w+ w (A-9)1l 1 + i2 w2 i3 3

then

' 6cosO cos, + * sin

- 6 cosO sinp + cosO

= + 6 sino (A-10)
w3
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Alternatively, the angular velocity may be written in terms of components

with respect to the ground fixed base vectors:

-0. 4. 4.4

c t  iw 1  + i w + 3 w3  (A-il)

(Il + psin*

w cs-4cos sinO2 cs

- 4cos cose + sine (A-I12)

Substituting Equations (A-4) and (A-9) into Equation (A-1), one obtains

H Y2 +'' w;13' (A-13)

Differentiating with time, it is found that the angular inertia is

4. +4. 4.

H w iwl + 3 33

+ '~Ii + w212 + w3 3 13

but since

i. -iw ''

'w 3 212 13 31

therefore,

(,3-'2)j + ''221 '22 +PI
1 . '*wI23 1 ~3)

+ 1 [33 + wl 2 (12-Il)] (-4
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I

To obtain a ground fixed representation, the transformations given by

4 Equations (A-6), (A-7), and (A-8) are applied in reverse:

H 11 {cos + w (w + sin [ - ww( I

cose (Hi'- wA13 + sinO sino -- , ([k"3 4 H1)"
sn2 {cos8 -2 " 2 3 2

- sin0[H +e( -w

w" = ' cos - sine; (j2 - sin* + co2 k

3L 1

H"I ' .. °Sl - 2'sn1;H" = 'w' sin~lI + w' cos 12;

+ i cscosop w~ si~ I 2 o~i+ -H1 2

'' ost' - w"' sint ; H" w sint11 + (Hs1

.1~~~ 3 2' 2 3 oi

"11(A-16)

Making ':se of Equation (A-IO), various groups in the above relations are

found to be

W ' Wi "Cs - H ) --;wt isO + 'c

o (cosp b) + AI - (cos4 cos2ep8 + sin244) + I (6p + sin4#0)

-I sin~Oe, -A (inco sin2e 2 - sins~ cos2pO4)
0
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H+ w(H"-~ 3

- + Al (cossin2 p6 cos2q4) -Ics(p+sin 
6)4

+ IosinocosoO2 + AIsino(cos~cos2* + sin2*p;)6

I + sinO6) + AI{sin2*4 (cos~o) 2  2 2cos~pcosfi) )

(A-17)

where I~ VI (I + 12) is the mean transverse inertia and AI (1 ~ 1 2)

is the transverse inertia differential. Consolidating these expressions,

one finds

H i (cOsO6) IA, COS fcs cos2CI(cosO) + sin2*;]

+3 Id- [sino( + sinO6)]j

+ i.2 [o fcosOe+sinesinl(cos06)3

+ AI sinesino cos2Cp(cosO6) + sin2oP

+ cose I sin2(cos 6) - )

-I sinecosotj, + iO

+ i3 [3 -(cosecos 6P q~ sin~oe)]

I c ossinO(cos4O) -sin8;u

dd

+ A"i sine sin2 P(cos4O.) -cos2 q~

-cos~sino (cos2tp(cosO) +sin2,p ]3
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For a small deflection analysis, (O,*-wt) may be regarded to be
infinitesimal, w being the shaft rotation speed; then one obtains

S+ T (cos2t + + W(sin t

1t od 2 dt 2  dt '

+ i3 I3 dt3

dtt

where 60 - i -wt is the infinitesimal torsional angular displacement.

2

>4

I
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APPENDIX B

CUBIC SPLINE INTERPOLATION

B.1 Interpolation Requirements

Use of polynomials to perform curve fitting or interpolation is a common

practice in engineering work. In each of the five major modes of analysis

of flexible rotor dynamics, namely:

o critical speeds,

o dampeA unbalance response,

o asynchronous resonance,

c damped asynchronous response, and

o stability analysis,

F, an accurate interpolation on the determinant of the system impedance

matrix and/or its derivatives is performed.

When seeking critical speeds, rotor spin rate and vibration frequency

are equal. "he system is conservative and isotropic. Only the forward

whirl motion is of interest. The determinant of the impedance matrix

is real and presumably a smooth function of frequency. Critical speeds

are the roots of the real determinant. This calls for a root searching

algorithm. An asynchronous resonance analysis seeks all the natural

frequencies within a frequency range of interest at a fixed rotor speed.

The impedance matrix, again, has a real and presumably a smoothly varying

determinant. Similarly as in the critical speed analysis, a root search-

ing algorithm is needed.

When performing an unbalance response calculation, the frequencies of

interest can be specifically specified. However, the most interesting

may not be known beforehand. Therefore it is useful to locate first the

"damped" critical speeds, then perform corresponding response calcula-

tions. A similar situation exists when the damped asynchronous response

problem is solved. The "damped" resonance problem, either synchronous

or asynchronous, requires an algorithm for the complex eigenvalue problem
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discussed in Appendix A. The explicit parameter is directly related to

the system damping. An implicit parameter is the "damped" natural

frequency. A pair of these parameters is determined for every natural

mode by requiring both the real and the imaginary parts of the complex

determinant of the characteristic matrix to vanish. The complex eigen-

value problem is also involved in the stability analysis. In the latter

case, a negative sign for the system damping indicates an unstable mode.

The system damping can further be expressed in terms of a critical damp-

ing ratio. A numerically small, albeit positive, critical damping ratio

indicates a high "Q" or sensitive natural mode. In each of these three

modes of analysis, solution of the complex eigenvalue problem is a

central issue. The procedure for solving the complex eigenvalue problem,

in vurn, requires repeated use of an efficient numerical interpolation

scheme.

To understand the requirements of a numerical interpolation scheme to be

used in the complex eigenvalue algorithm, it is useful to outline briefly

the major computation steps. The method of computation is iterative in

charicter. It is necessary to begin with an initial guess for the two

parameters, system damping coefficient and natural frequency. The system

damping coefficient is initally assumed to be zero, but one is still left with

the question of fir'!Tng the best ,tarting frequency. Since both real and

imaginary parts of the characteristic determinant should vanish upon con-

vergence to a solutiin, a positive minimal of the square of its magnitude

should represent a suitable criterion for the starting frequency. Two

specific computations are required:

o Since a minimum must have a vanishing first derivative, locate

roots of the first derivative.

Select that minimum which has a positive second derivative.

Upon Pstablishing a starting rondition, it is xecessary to determine the

"preqent error" in' the best "corrections" to the two parameters in order

to continu- he it'ritive process. These require interpolation of the

complex deaerm1'ivi nd its derivatives at the current value of frequency.
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B.2 Description of the Spline Curve-fitting Concept

The spline interpolation allows one to curve fit a set of data points

precisely and to maintain a certain degree of smoothness. This

method utilizes an odd order (2n+l) polynomial (n> 1) segmentally

in consecutive intervals, maintaining continuity up to the 2n-th deriva-

tive at all internal points while permitting n constraints at each end.
It turned out that the cubic spline (n-l) would be the simplest form to

satisfy various requirements indicated previously.

Within each interval, a cubic polynomial allows the presence of up to

two extrema, of which only one may be a minimum. The locations of these

extrema are explicitly given by the quadratic formula. The determina-

tion of roots is somewhat tedious. The procedures for these calculations

will be given later following a description for the determination of the

polynomial coefficients in each interval. A common choice of the con-

straint at either end is a vanishing second derivative.

B.3 The Cubic Spline

Suppose N data points, Yn f Y(xn) for n I 1 through N, are known. The
n

N-i intervals, Ax X -x for n - 1 through N-1, do not have to be
n nn

uniform. A cubic polynomial applicable in the interval XnX Xn+I is

X-x
nff Ax- n+l

n

xYn+(X-x) +-' (n - Axn
n n n

x-x
1 + (2) Kn  (B-i)

~where, (Sn ,Kn) are respectively first and second derivatives of y atx

n nn

while Ayn =yn~l-Yn. Differentiating three times successively,
nn

iI
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n* ~ Ay X-X 2

x -X 2 (X-x) A1
-( +--n) + (x- K(B2

[AxJ f Axn x)n Kn B2

2~ (xx)eAy 2(x-x)

+x AXXX 2 e (8 A A K nB3ni nx n

-ft

+ (B-3

y n) - )+K ~const (B-4)

Substituting x xnlinto above, since continuity up to the second
derivative is maintained

Ay Ax
8n+l 'ni=(I)2~- (B-5)

K~~~+i~A -y6 __ _ B 6Ytn+l

A recurrence relationship can be developed by writing

n na6 + bn; In+, an+,u '+1 + b +l (B-7)

Eliminating (0e K ) among above relationships, one obtainsnn

n+1 (2-a n --x(3nAn n+i x n+A~ dix
ft f n

-b k (B-8)nl
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Comparing with Equation (B-7), with n replaced by n+l, one finds

2(3+Ax an)
an+I Ax(24hAx a)

n n n

b + 3 (2+Axan) n
n n (B-9)

n+l (2+Ax an)
n n

These are the recurrence formulae for (an,bn). Starting with the condi-

tion K1 - 0 such that a, = b, a 0, Equations (B-9) can be applied

repeatedly to generate the entire set of (a ,b ) for n - 2 through N.
n n

Now, substituting K a e +b into Equation (B-6) and solving for en:
n n n nn

Yn x

3 x xb
nn 2 n+l

n n (B-10)

en (3 +AXa) (B-a
n n

For n - N, since K+i 0, therefore

AyN

N  Ax~b (B-Il)

IN 3 + ANa
N]

where upon, Equation (B-7) can be used to calculate K, and the process

can be repeated to obtain (8 K for successively smaller n.

To summarize, the cubic-spline curve-fitting procedure includes the

following:
1. Set (n l; a -b -0)

n n

2. Use Iquations (B-9) to obtain (an+l,bn+l) repeatedly until

(an ,b) are determined for the entire set n 1 through N.

3. Set (n N, Kn+ 1 -0)

4. Use Equation (B-10) to obtain 8 If current n is 1, then
curve-fitting procedure has completed; otherwise continue.
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5. Calculate K using Equation (B-7).
n

6. Decrease n by 1; go back to Step 4.

The above procedure can be used for any n >, 2.

Upon completing the curve-fitting calculations, (e ,K )are known for
n n

every interval of n - 1 through N. Within the interval, the interpolation

formula and its derivatives are

K
y Yn e(x-xn)+ 2xx)

IeN n x n

- ~ ~ ~ ~ ( n 2~+~(n-A1 1 (-)

y'e + K(x-x)-3- l-K +1 'n ,x
n n Ax !2 n Ax n ) Ax -Xn

y -K K~ K+ -L(O _Ila (x-x) (B-12)

n Ax inAx nAx n

B.4 Determination of Stationary Values

The stationary values are found by solving for

y'-0

or

K K 2 + n K +2 (0 yn
Na, n~ nnVn Ax n Ax~

AxAxj(-3

for a~ 1, 2
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For an extreme value to be within the interval, the following constraint

must be satisfied
tx

0 ( n <1 (B-14)Axn

The righthand bound is left open because xn+1 may be regarded to belong

to the next interval (except when n " N). a is a positive integer not

greater than 2. The following convention is adopted:

xn  X(1)  x(2) <Xn+l (-5

Upon finding an extreme value, y" = y '  (x - x )is calculated. x isI a)(a) (a)

a maximum <

a minimum fif y" > 0 (B-16)(a)

an inflexion = -!

B.5 Roots of the Cubic Sp'ine

The roots of the cubic spline are sought in each interval. Again x is

regarded as an external point (except for n N). In general, up to
three roots are possible. The extreme values divide the interval to up

to three sub-intervals. Each sub-interval, however, cannot contain more

than one root. Thus it is expedient to first identify the sub-intervals

and then to determine whether or not a root exists within each sub-interval.

If the spline cubic vanishes at the starting point of the sub-interval,

there can be no other root in the same sub-interval, and root-testing

can immediately proceed to the next sub-interval. In the following, it

will be presumed that the starting point is not a root. The existence

of a root within the sub-interval is indicated by a sign reversal of the

end points. When this is ascertained, the polynomial is calculated at

the midpoint of the sub-interval and its magniLude is checked against

IAYnI for convergence. If necessary, further narrowing down of the

sub-interval is done by excluding the half which is bounded by polynomial

values of the same sign. The process is continued until a convergence test

is passed.
241
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APPENDIX C-

LISTING OF SOURCE PROGRAM
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'0001) C ROTOR SUBSTRUCTURE VIBRATION PROGRAM
(0002) C *RSVP* BASIC VERSION DECEMBER 3!, I'174 CHTP
t0003) C SHAKER PESEARCH C)RPOPATION
(0004) C
'0005) C SUPPLEMENTARY OUTPUT IS WRITTEN INjTf T.'0 C.EVICF I0
'0006) C
'0007) C VERSION 76.02 JUNE 7, 1.176
0009) C MODIFIED FOR WPAF8
0009) C

,0010) C VER0I0N ?8 05 MAY 18, 1978
'0011) C FULL CAPABILITY OITH STREAMLINED I.,'O
(0012) C
f0013) C VERSION 79.05 MAY 01, 1979
'0014) C UPDATED FOR UNION COLLEGE COURSE
"0015) C
?0016) C VERSION 79 06 MAY 22, 1979
e0017) C PARAMETER 'LIST' PEOvE[' FROM INPUT
-. 0019) C

0019) C VERSION 79.07 :,EPTEMBER 25, 1q79
K 0020) ," DOUBLE PRECISIOH PEAL ALGE8Pk ,'EPSION
'0021) C
, 0022) C VERSION 79.08 DECEMBER l, 1q79
'0023) C TESTED FOR SAMPLES INCLUDED fN 9lR FOPRE REPORT
(0024) C
(0025) C VERSION 79.09 DECEMBER 13, 1979
0026) C DIMENSION ALLOWANCE INCREASED TO 75 SEtUiENTS

(0027) C
(0028) C VERWION 79.10 DECEMBER 20, 1979
(0029) C DOUBLE PRECISION SPECIFI,ATTONS REMOVED
(0030) C
(0031) C*** ** * * ti'-f tw+** f* *. '

+, t * ** * . * * * 
'

* 4

(0032) C
(0033) C
(0034) C FEATUR'ES TO BE INCLUDED IN THE FUTURE
(0035) C k.1;, ASSIGN THE LAST STATION WITH DEFAULT K8=8
(0036) C (2' AUTOMATIC RUNNING OF TORSIONRL W.IDRATIONS
(0037) C E.G. IRUN=6 FOR TORSIONAL RESONANCE
(0038) INTEGER TITLE(16),IDENT'4)
(0039) COMMON/AWHN"F, FF. XS(4,2 ) Fl, F F I, S S
(0040) COMMO/AVIB/AA5(8,8,4)
(0041) COMMON/ATESTI/81(75).82(75).B3(5)84( 75.,BS(75 1,86( 75)
(0042) COMMON/ATEST2/UO(80, 4
(0043) COMMON/'ATEST3/VO(80,8),A5(80,8,4)
(0044) COMMON/BSTEP/D54,2"
(0045) COMMON/CSTAT/X(75),2(76 )

(0046) COMMON/ACOU/S4(4),A6(4,6)
(0047) COMMON/ABR/S5(4,2 ), T5(4,2)
(0048) COIIMON/AHIN/C4(4),W4(4),P4(4),T4 '4),Y4(4
(0049) COMMON/END/U(80,2),ZM(76),ZK(20),FFRT
(0050) COM0ON,.BN nDF..'hl( 7 ) ,P( 76 , T( 7? .'. 7A
(0051) COMMON.VNODE/PS(76)
(0052) COMMOH,'VHI N/P4S( 4)
(0053) COMMON/AFRE/FREQ(5, 1),PCC,JFQ(5),IFRE
(0054) COMMON/TORL/TORD(5,11)
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~ 0055) COMMON/ ININ/HIV(5)N2 5)
(0056> COMiMON.'AtODE/N3( 76)
(005?) COMMOtF/ABEND/LIPL0F'1I8,15

4. (0058) C0N/INT/H8(6,K8(76).Je
10059) CORMlN/CHEADI/TITLE;L1'L2F.L3.L4,L5,LIST' IR/,'W.IP
(0060) C~OMMOASTEP/44,LVM3,N514'.
f0061) COMMONIAJNER/TRA(75.
(0062) CONNON.'PRMS 4IRUti.ITY'PE 118RG 'ouIeG
(0003) DIMENSION t4(A),XSS(4,2,11',,SOO(11)
(0064) DIMENSION X5(4,2),YS(4,2),WJ5(4,2) 05(4,2.,ZORG(4)
(0065) DIMENSION C5(2,5),KTORS(20),KBEI4Dt20.'.jBRC(4)
(0066> 998 FORMAT (1IN

(006?) KR a 5
( 0068) KW w 6
( 0069) READ(KR,8000) NCASEl(RUN
(00?0) IF(NCASE.EQ 0) GO TO 4321
(0071) READ KRlO00) IDENTTITLE
(0072) 1000 FORMAT (20A4)
(0073) REND(KR, 8000) LSEG,LMAT,LflASL8EA,LTYP,LEXI,LPRI
(0074) I5*LTYP
(00015) JI8=LEXI
(0076) Li =LSEG
(00??) L2=LMAT
(0078) L3=LMAS
( 0079) L4xO
( 0080) L5=LBEA
(0081 ) LIST = 1
< 0082) IF (15.EQ 1) LPRI 2-1
(0083) 8000 FORMAT ( 1615)
(0084) CALL HEADI
(0085) GO TO 8
(0086) C
(008?) C INPUT ERROR MESSAGES
(0088) C
(0089) 2005' WRITE (KW,1005)
(0090) 1005 FORMAT (43H4 FIRST SEGMENT MUST BE ASSIGNED A MATERIAL 1)
(0091) GOTO 9999
(0092) 1854 WRITE (KW,100?) N
i0093) 100? FORMAT (2114 THERE IS NO NODE NO.,I3/)

(0094) GOTO 9999
(0095) 12 WRITE ( KW, 1 012)
(0096) 1012 FORMAT (3114 THERE M4UST BE MORE BEARING(S) !
(009?> GOTO 9999

(0098) 14 WRITE (KW,1014)
(0099) 1014 FORMAT (3514 COUPLING MUST BE AN INTERNAL NODE /
(0100) COTO 9999
(0101) 8 Z( 1) 0
(0102) WRITE (KW*9006)
(0103) 8006 FORMAT (//17H SHAFT DIJIENSIONS/tSH SECHENT,T12,6NLENGTHT24,
(0104) +4H41.D.,T35,4N0.D.,.T45,61H.I.D.,T56,6HN.0.O./6Hi NO,
(0105) +5(1114 (IN) )/1H)
(0106) C
(0107) C FOR L=I*LI
(0108> CA
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(0109) DO 9 L-1,LI
(0110) READ(KR,8001) LOHULLX(L),DI,D2,D3,1D4
(0111) 8001 FORMAT (215, ?FIO.O)
(0112) Z(L I) * Z(L) X(L)
(0113) C CALCULATE SEGMENT FUNCTIONS (91(L),8?(L ,83(L),84(L. 85 L,
(0114) URITE (KU,8002) LX(L),DID2,103.4
(0115) 8002 FORMAT (ISITIO,5(F9.4,2X)oF9 4)
(0116) PI a 02*D2
(0117) P2 u 01*01
(0118) P3 a PI P2
(0119) P? a PI-P2
(0120) P5 * 04*04
(0121) P6 x 03*D3
(0122) Be•PS+P6
(0123) P5 a P3-P6
(0124) P6=B8*P5
(0125) 81(L) - .7853981633975*P?
(0126) 82(L) - BI(L)*P3/16
(0127) BI(L) x .7853981633975*P5
(0128) Al = P3*P?
(0129) TRA(L )5B1(L)/16.0*BB*X(L)
(0130) 83(L) - PS/Al
(0131) 84(L)-P6/AI
(0132) B5( L)mO. 0
(0133) 9 86(L)88*B4(L)
(0134) LIP a LI+l
(0135) URITE (KU,8007)
(0136) 8007 FORMAT (16HtSHRFT MATERIALS..'/9H STARTING,,TI2,7HDEHSITY,T21,
(0137) +21HYOUNG'S MOD SHEAR MOD/?H HODE,T1O.I1H(LBS,,CU-ltN,
(0138) +T24,5H(PSI),T35,5H(PSI)/1H )
(0139) DO 21 L=1 ,2
(0140) READ (KR,8111) NHM T,N,DO,E,G
(0141) 8111 FORMAT(2153EIO.4)
(0142) URITE (KU,8020) N,DOE,G
(0143) 8020 FORMAT (I5,5X,F7.4,3X,1P2EI1.4)
(0144) IF (L.GT,1) GO TO 21
(0145) 99 = D0/386.4
(0146) C = 89/G
(0147) 969489
(0148) 99 B9/E
(0149) D a DO
(0150) El a E
(0151) GInG
(0152) IF (N.NE.1) GO TO 2005

(0153) IF (L2.GE.2) GO TO 21
(0154) COTO 22
(0155) 21 CONTINUE
(0156) 22 L = 2
(0157) DO 25 K-.IL1
(0158) IF (K.EQ.I.OR.K.NE.N) GO TO 24
(0159) B9 a D0/386.4
(0160) C = 99/C
(0161) 80289
(0162). 89 0 9/E
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(0163) D DO0
(0164) El E
(0165) GlwG
(0166) IF (L.EQ.L2) GO TO 24
(016?) L a L+l
(0168) READ (KR,8111) NitAT*NoD0,EoG
(0169) WRITE (KW*18020) N#00,E,G
(0170) 24 81(K) a D.B1(K)
(0171) 93(K)w2*Gl*B2(K)
(0172) 82(K) a EI*82(K)
(0173) TRA(K)aBB9*TRA(K)
(01?4) 96(K)=O.0623*B9*06(K)
(01?5) B3(K) x 2.0*(9*0I3(K))**0.25
(0176) 25 84(K) z SORT(C*84(K))
(01??) IF (L.3.GE.1) GO TO 30
(0178) M3 0 0
(0179) GOTO 31

L-(0180) 30 WRITE (KV,8008)
(0181) 8008 FORMAT (1/16H LUMPED INERTIAS//7H HODAL,T11,6HJEIGI4T,T23oI(0192) *5HPOLART34,SHTRANS,T46,2HCG/SH STATION,
(0183) .'22a'NINERTIAir33,?HINERTIA1 T44, 7HOFF-SET,
(0184) +/T12,4H(LB),T2l,1OH(L8-SO IN),T32,1OfI(LB-SQ IN),T45,4H( IN))
(0185) 00 26 Lz1,L3
(0186) READ( KR 8001 ) LON3( L) W( L), P(L), T(1), Y(L)
(0187') N = N3(L)
(0188) WRITE (KV,9002) N3(L)oW(L),P(L),T(L),Y(L)
(0189) IF (H.GT.L141) GO TO 1854
(0190) 26 CONTINUE
(0191) M3 x '3( 1)
(0192) 31 J3z
(0193) WRIIE ,.KW, 9998)
(0194) IF (L4.EQ.0) GOTO 23
(0195) DO 28 L=1,L4
(0196) READ(XR,8001 ) LO,N4(L)..S4(L),C4(L),W4(L),P4(L),T4(L),Y4(L)
(019?) WRITE (KW,8002) N4(L),W4(L),P4(L),T4(L ),Y4(L),C4(L),S4(L)
(0198) N a 114(L)
(0199) IF (N.EQ.1.OR.N.CT.L1) GOTO 14
(0200) 28 CONTINUE
(0201) 29 L4P12L4+1
(0202) C
(0203) C INTEGRATE STATIC WEIGHT EFFECTS
(0204) C
(0205) 0O 40 Jw1,L4PI
(0206) CALL STACK (J,L1,L4,N4,-J4,Nl,N2)
(0207 Ml = Nl(J)
(0208) DO 36 1=1,4
(0209) 36 UO(Ml,1)=0
(0210) M12 =N2(J)+l
(0211) 00 39 K=111112
(0212) K<3 = K-J4
(0213) IF (K.NE.M1.OR K EO.1) GOTO 3?
(0214) IJ0(K,1) 2UO(K,1)-9j4(J4)

(0215) UO(K,2) UUO(K,2)+W4(J4)*Y4(J')

(0216) P4(J4) xP4(J4)/386.4
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(0217) T4(J4) = T4(J4)i386.4
(0218) 37 IF (H3.HE.K3) CO TO 3S
(0219) UO(K,1) = UO(K,1)-W(J3)
(0220) UO(K,2) a UO(K,2)+(J3)*Y(J3)
(0221) P(J3) P(J3)/386.4
(0222) T(J3) z T(J3)/386.4
(0223) J3 = J3+1
(0224) IF (L3 GE J3) M3 - H3(J3)
(0225) 39 IF(K.LT.M2) CALL STAT(J4, K)
(0226) 40 CONTINUE
(0227) IF (L5.EQ.O) GOTO 100
(0220) IF (LS.LT.2) GO TO 12
(0229) C
(0230) C CALCULATE STATIC BEARIHG LOADS
(0231) C
(0232) DO 43 L=I,L5
(0233) READ (lR,80Ol) LO,HS L),D5(Lt)$D5(L,2),$5(L,I),S5(L,2)
(0234) +,T5(LI ),T5(L,2)
(0235> 43 CONTIHUE
(0236) DO 75 K=1,2
(0237) DO 75 K1=1,4
(0238) KK3 = KFCN(4,K,KI)
(0239) DO 75 K2=,2
(0240) KK4 = KFCN(2,K,K2)
(0241) K3 KI-2
(0242) IF (1,2 EQ( K3) GO TO 72
(0243) P9 = 0
(0244) GO TO 75
(0245) 72 P9 = I
(0246) ?5 A5(1,KK3,KK4) P9
(0247) M3 = 0
(0248) IF (L3 EQ 0) GO TO 61
(0249) M3 = N3(1)
(0250) J3 = I
(0251) 61 LB = I
(0252) M5 = H5(LS)
(0253) DO 90 J=I,L4PI
(0254) CALL JFCN (J,MI )
(0255) DO 51 K=I,8
(0256) 51 VO(MIK1) = 0
(0257 IF (J.EQ.1) GO TO 70
(0258) VO(HMlo ) -W4(J4)
(0259) VO(Mt,2) W4(J4)*Y4(J4)
(0260) ISTEP = 2
(0261) CALL STEP (N2,ISTEP,IER)
(0262) IF (IER.EQ.1) GO TO 9999
(0263) ?0 CALL MFCH(JN21,M2)
(0264) URITE (KW, 9998)
(0265) DO 90 KO=NI,12
(0266) K4 = KO-J4
(0267) IF ('3,HE.K4) GO TO 76
(0268) YO(KO,1) = VO(KO,I)-W(J3)
(0269) VO(KO,2) = YO(KO,2)+U(J3)*Y(J3)
(0270) J3 = J3+1
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(0271)IF (L3.GE.J3) M13 =N3(J3)

(0272) ?6 IF (M15 HE.K4) GO TO 82
(0273) WRITE (KY, 9998)
(0274) DO 32 K=1,2
(0275) IF S5(LBK).GT.0) GO TO 32
(0276) WRITE(KU,500O)
(02??> 5000 FORM1AT (TIO,4OHBRG STIFFNESS IS DEFAPJLTEC, TO 0 1 LSiIFN
(0278) S3(LB1 K) = 0.1
(0279) 32 CONTINUE
(0280) ISTEP z 3
(0281> CALL STEP (KOISTEPIER)
(0282) 82 IF (KG GT.N21) GO TO 90
(0283) ISTEP = I
(0284) CALL STEP (KO,ISTEP,IER)
(02A~5) 90 CONTINUE
(0286) DO 99 KI1,2
(0287) K11 KFCN(4oK,1)
(0288) K12 =KFCN(4,K,2)
(0289) K21 =KFCN(2,K,I)
(0290) K(22 a KFCN(2,K,2)I,(0291) K13 = KFCN(4,K,3)
(0292> K(14 =KFCN(4,K,4)
(0293). P9 = A5(112,K1I,K2i)*A5(P12,Xl2,K22'
(0294) P9 = P9-A5(P2,KII,K22)*AS(M2,K12,K21)
(0295) C5( 2, 1) =A5(MP2,K 12, K2 1)*V0 P12 Kl l M~i 1K I;~Q 1~~
(0296) C5(2, 1) a CS(2o1)/P9
(029?) P9 = (A5(M2, Kit K22)*VOctM2,K12 -A5 t2,K12,E'22' 'Q"dt ''
(0298) DO 95 Lmt 1 L4PI
(0299) L6 aL4+2-L
(0300) IF (L.GT 1) GO TO 94
(0301) 93 CS( 1,Lf) =P9
(0302) GOTO 95
(0303) 94 .11 L6-1
(0304) K(32 YFCN(3,K,2)
(0305) K(33 =KFCH(3,1(,3)

(0306) P9 =A6(JI,K32)*CS(2,1)+A6(JI,K33)*P9
(030?) GO TO 93
(0308) 95 CONTINUE
(0309) L= 0
(0310) DO 99 J=1,L4PI
(0311) CALL JFCH (J,111)
(0312> M12 = 12(J)41
(0313) IF (MI1.GT.1) C5(2,J) VO(PII,KI4)
(0314) DO 99 KOztll,P2
(0315) K4 = KO-J4
(0316) IF (KO.EQ 1) GO TO 71
(0317) 97 IF (PM5 HE K4) GO TO 99
(0318) X5(L,K) a D5(LK)-VO(KOiK14)
(0319) YS(L,K) = VO(K01 K13)
(0320) DO 98 K2=1,2
(0321) KK4 = KFCN(2KK2)
(0322) i45(LK) = )X5(L,K)-A5(KOK14,KK4)2kCS(K2,J't
0323) 98 Y5(L,IC) s Y5(LK)+A5(K0,KJ3jtK4)*C5eK2,Jl

(0324) 5(L,K) = S5(L,K)*XS(L,K)

240



(0325) Q5(L,K) - T5(L,K)*Y5(LK)
(0326) 71 IF (L.EQ.L5) GO TO 99
(032?) L = L+1
(0328) M5 - NS(L)
(0329) GOTO 9?
(0330) 99 CONTINUE
(0331) WRITE (KW,5001)
(0332) 5001 FORNAT(/93H BRG ST LOCATION **********VERTICAL PLANE*#*****fo*
(0333) +* *******HORIZONTAL PLANE**********/IX,2(5H NO.),3X,4H(IN),3X,
(0334) +2(35H MISALGN(N) LOAD(LB) ONO(IN-LB)))
(0335) DO 41 La1,L5
(0336) N a N5(L)
(1,337) 41 WRITE(KW,9002) L,NZ(N), (D5(L,K),W5(L,K),Q5(L,K),K=I,2)
(0338) 9002 FORMAT(215,F1O.4,2(F1i.6,2FI1.4,2X))
(0339) P9 * 0
(0340) Q 0
(0341) 00 42 L=I,L4PI
(0342) M2 z N2(L)+i
(0343) P9 = P9-UO(M2,1)
(0344) 42 0 = Q-UO(2,2)
(0345) ZO = Z(LI+1)-Q/P9
(0346) WRITE (KW,5002) P9,ZO
(0347) 5002 FORMAT(/T5,I2HTOTAL WEIGHT,T33,IHx,IPEII.4,SH (LB)/
(0348) +TtS,19HLOCATION OF C.G. =,EII.4,5H (IN))
(0349) WRITE (KW,5003) NCASE
(0350) 5003 FORNAT(28HINUMBER OF SPEED GROUPS x,15)
(0351) C
(0352) C SETUP OUTPUT LOGIC
(0353) C
(0354) 100 NTORS=O
(0355) NBEND=O
(0356) S = 0
(0357) IF (JS.EQ.O) GO TO 120
(0358) READ (KR,8000) (N8(I),I=t,J8)
(0359) READ (KR,8000) (K8(I),I=t,J8)
(0360) DO 112 I=1,JS
(0361) K81 = 1(8(I)
(0362) GO TO (112,113,115,115,113,113,114,113), (81
(0363) 113 NTORS = NTORS+1
(0364) KTORS(NTORS) = N8(1)
(0365) GO TO (112,112,112,112,115,115,112,114), K81
(0366) 114 NBEND m NBEND+I
(0367) KBEND(HBEND) = N8(I)
(0368) 115 NBEHO = NBEHD+1
(0369) KBEND(HBEHD) =H8(I)
(0370) 112 CONTINUE
(0371) 120 CONTINUE
(0372) IF (I5.EQ.2) NTORS = 0
(0373) WRITE(IO) NCASE,NTORS,NHEHD
(0374) IF (15-2) 101,102,103
(0375) 101 WRITE (KW,500?)
(0376) 5007 FORMAT (39H DYNAMIC RESPONSE OF THE TORSIONAL MODE)
(03?7) GO TO 104
(0378) 102 WRITE (KW,5008)
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(03?9) 5000 FORMAT(3?H DYNAMIC RESPONSE OF THE BENDING MODE)
(0380) GO TO 104
(0381) 103 ORITE(KW,5009)
(0302) 5009 FORMAT(54H DYNAMIC RESPONSES OF BOTH TORSIONAL AND BENDING MODES)
(0303) 104 CONTINUE
(0384) 00 126 ICASEINCASE
(0395) WRITE (KW,6030) ICASE
(0386) 6030 FORMAT (////19H SPEED GROUP NUMBER, 15/)

VM (038?) READ (KR,8000) LRUN
(0309) PC a .1047197551197
(0389) PCC a 60*PC
(0390) IF (LTYP.EQ.1) LRUN 0 0
(0391) READ(KR*8001) I?,IFRESPEI,SPE2
(0392) IF(NBEND.GT.O) GO TO 1203
(0393) I?•u
(0394) SPEIO.0
(0395) 1203 CONTINUE
(0396) WRITE(1O) IDENT,TITLE,17,L,LIP,KRUHLRUH
(039?) IF( I? .GT.I) GO TO 1201
(0390) SRATwI.0
(0399) GO TO 1202
(0400) 1201 SRAT-(SPE2/SPEI)**(1./(I?-1))
(0401) 1202 SOSPE1?SRAT
(0402) 16m1
(0403) DO 125 JSPDmI,?7
(0404) SOwSO*SRAT
(0405) SOO(JSPD )-SO
(0406) CONTINUE
(0407) iF (NTORS.GT.O) WRITE (10) (KTORS(I),IzI,NTORS)
(0408) IF (NBEND.GT.0) BRITE (10) (KBEND(I),I=I,NBEND)
(0409) IF (I5.EQ.I) GO TO 111
(0410) IF (L5.EQ. 0) GO TO 106
(0411) DO 105 L=1,4
(0412) IF (ICASE.GT.1.OR.JSPO.GT.I) GO TO 1050
(0413) JBRG(L) a L
(0414) IF (L.GT.L5) GO TO 105
(0415) N a H5(L)
(0416) ZBRG(L) = Z(H)
(0417) 1050 IF (16.EQ.O.OR.L.GT.L5) GO TO 105
(0418) READ (KR,8001) LO,I6,XS(L,I),XS(L,2)
(0419) IF(16.EO. . OR. L.EO.L5) GO TO 105
(0420) VRITE(KU,8004)
(0421) 8004 FORNAT(///46H 16 MUST BE UNITY EXCEPT FOR THE LAST BEARIHG.)
(0422) GO TO 9999
(0423) 105 CONTINUE
(0424) WRITE(IO) (N5(Li,(XS(L, I),Ix1,2),L-1,L5)
(0425) IF (L5.EQ.O) GO TO 106
(0426) DO 106 Lz,L5
(0427) XSS(L, 1 , JSPO )=XS( L, 1)
(0428) XSS(L,2,JSPD)xXS(L,2)
(0429) 106 CONTINUE
(0430) SSO a PC*SO
(0431) S = SO
(0432) SS $SO
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(0433) IF (L3.EQ.O) GO TO 109
(0434) DO 108 LuI,L3
(0435) 108 PS(L) , P(L)*SS
(0436) 109 IF(L4.EQ.O) GO TO 111
(043?) 00 110 L-I,L4
(0438) 110 P4S(L)uP4(L)*SS
(0439) 111 CONTINUE
(0440) IF(LRUNEQ.O) GO TO 1205
(0441) IFRE-I
(0442) JFQ(!)-1
(0443) FREQ(Is 1)uSO/60.0
(0444) GO TO 1208
(0445) 1205 DO 1103 L-I,IFRE
(0446) READ (KR,8001) LO ISFREQl,FREQ2
(044?) JFQ(L)ul
(0448) IF(I8.EQ.t) GO TO 1206
(0449) FRATu(FREQ2/FREQI)**(I./(I8-1))
(0450) GO TO 1207
(0451) 1206 FRAT-1.O
(0452) 1207 FRQY-FREQI/FRAT
(0453) O0 1101 I=1,18
(0454) FRQY=FRQY*FRAT
(0455) 1101 FREQ(L, I )=FRQY
(0456) 1103 CONTINUE
(0457) 1208 WRITE(10) IFRE
(0458) DO 1209 L=I,IFRE
(0459) JFK=JFQ(L)
(0460) WRITE(1O) JFK
(0461) IF (LRUN.EQ.O) WRITE(KW,5011) L,(FREQ(L,I),Ir-1,JF"
(0462) 5011 FORMAT(/2?H EXCITATION FREQUENCY GROUP,I5/5H HZ ,1F10.4)
(0463) IF(LIST.EQ.2) GO TO 1209
(0464) IF (LTYP.EQ.I) GO TO 1104
(0465) IF(JSPD.EQ.I.OR.(L.EQ.I.AND. IFRE.GT.1))WRITE(KJ,5012)
(0466) 5012 FORMAT k/23H SPEED FREQUENCY,8X,16NEND DETERMINANTS/4X,
(0467) +5H(RPN),7X,4H(HZ),6X,28HCO-ROTATIONAL CTR-ROTATIONkL,
(0468) 1164 CALL ENDST(SNTORS,NBEND,JFk ,L;
(0469) IF (LRUN.EQ.1) GO TO 1209
(0470) IF (LTYP-2) 1111,1209,1113
(0471) 1111 WRITE (KW,5021)
(0472) 5021 FORMAT (IHI)
(04?3) GO TO 1115
(0474? 1113 WRITE (KW,5023,
(04?5) 5023 FORMAT (/114
(0476) 1115 WRITE (KI4,5013)
(0477) 5013 FORMAT (1IH FREQUENCY,5X,9HTORSIOHtL/4;X,4H(HZ, 8,-'HEND STIFF.
(0478) DO 17 I=I,JFK
(0479) WRITE (KW,5014) FREQ(L,I>,TORD(L. I;.
(0480) 117 CONTINUE
(0481) 5014 FORMAT (1PI12.4,DI5.6)
(0482) 1209 CONTINUE
(0483) 125 CONTINUE
(0484) IF LPRI.EQ.-I GO TO 1106
(0485) WRITE (KW,5004) (JBRG(L),L=1,4),(N5 L).L=j l LS)
(0486) 5004 FORMAT (//?H BPG NO,I8s,3124e'H STN H0,18j,3124-
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(0487) WRITE (K,5005) (ZBRG(L),L-l,L5)
(0488) 5005 FORMAT (9H LOC (IH),lPEl5.4,3(12X,E12.4))

o (0489) WRITE (KV,5006)
(0490) 5006 FORMAT (9H SPEED,3X,4(4X,3HRAD 9X,3HAHG,5X)/
(0491) +4X,H8H(RPM) ,4(3X,21H(LB/IH) (IH-LB/RPAD)))
(0492) DO 1051 II,1,17
(0493) 1051 WRITE (KV,5010) SOO(1I),((XSS(LI,!I),11.2),L,,,L5)
(0494) 5010 FORMAT (IPIIE12.4)
(0495) 1106 CONTINUE
(0496) 126 CONTINUE
(0497) IF(KRUN.EQ.O.OR.LIST.EO.2) GO TO 9999
(0498) 4321 REWIHD 10
(0499) CALL SYOSYN
(0500) 9999 CALL EXIT
(0501) END

I
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(0502) SUBROUTINE ENDST(S,NT0RSNBENO1 JFK* 19)
(0503) INTEGER TITLEQ6)
(0504) CONNON/AVH/F, FPXS(4,2 ),FI, FF1 1SS
(0505) COMMON/AVIB/AA5(SO0,4)
(0506) CONNON/ATEST1/91(?5),B2c?5),83(?5),BV(7),85(75),86(?5)
(0507) COMMON/ATEST2/UO(60,4)
(0508) COMlflN/BSTEPi'05(4o2)
(0509) CONNON/'CSTAT/X(?3),Z(?6)
(0510) COIMON/ACOU/S4(4),A6(4,6)
( 0511) COIMON/'AHIN/'C4(4),U4(4 ),P4(4), T4(4).1Y4(4)
(0512) COKMON/AEND/U(80.2),ZM(76),ZK(20),FFRT-
(0513> C0MMON/NODEW(6),P(?6),,T76),Y(76)
(05145 rOMNON/VI400E/PS<76)
(0515) *'MMON/VHrN./P4S(4)
(0516) C0MMON/AFREQ,'FREQ(5.11),P(CC1 JFQ(5),IFRE
(031?> COMtI0N/TORL/TORD(5,11)
(0518) COMMON/MNO/AMAX( 4), QCS( 80,8),Q01k80,8,2)
(0519) COM'MONeI/ N NI(l<5),N2(5)

(0520) COMMON/ANODE/N3(?6)11(0521) C0NNON/ABENO/LlPL4P1I8I9I5
(0522) COfM0N/AINT/N8(?6),K8(76),J8
(0523) COMNCED/IL,1L,3L,5LSIJ/,1K
(0524) COMMONo'ASTEP/.J4,LB,M5,N5(4)
(0525) COMIIONAINER/TRA(75)
(0526) DIMENSION AM(4,4),BM(4,4),ANI(4,4 ),UU(80,8,2),)XD5(80,8),XV(4,2)
0527) DIMENSION DET(2),TRATE(76)1 K9(20)

(0528) DIMENSION 8( 10),AI(4,2,2),E(4),P4F(4),PF(80)1 VV(8O,2)
(0529) EQUIVALENCE (UU(I),VV(l))
(0530) IONE = I
(0531) ITWO = 2
(0532) IFOUR = 4
05331 IF (NDEND.EQ.0) GO TO 245

(0534) JMIAX = 4
(0535) CSPDwSe'60
(0536) SS-CSPO*PCC
(053?) HEND = 2*NSEND
(0538) 245 CONTINUE
(0539) DO 1000 lxl,JF(
(0540) F=FREQ( 19, 1
(0541) FF = F*PCC
(0542) F2 x a F
(0543) C
(0544) C CALCULATE TORSIONAL RESPONSE
(0545) C
(0546) M8 0
(054?) LLS 0
(0548) LB I
(0549) IF (NTORS.GT.O) WRITE(I0) F
(0550) Ir (JSEQ.0) GO TO 31
(0551) ITORS a 0
(0552) Me = 14(1)
(0553> KKS K8(1)
(0554) 31 L81 x LB
(0555) IF (15.EQ.2) GO TO 400
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(0556) IF( ITORS.GT.O ) GO TO 300
(0557) C *** INITIALIZE HOMOGENEOUS SOLUTION
(0558) U( Io ) = 0
(0559) U(1,2) = I
(0560) 300 M3 = 0
(0561) IF (NTORS.EQ.O) GO TO 320
(0562) GO TO (31O,320,310,31O,320,320,$1O,320 , KI(8
(0563) 310 IF (J9 LE.LS) GO TO 99
(0564) LS = LS +1
(0565) XK8*K9(L8)
.0566) GO TO (310,315,310,310,315,315,310,315), KK8
(0567) 315 L81 a LB
(0568) C *** IDENTIFY TORSIONAL EXCITATION STATIONS
(0569) MB=NS(L9)
(0570) 320 IF (L3 EQ.O) GO TO 1
(0571) M3 N3(t)
(05?2) J3 I
(0573) C *** INTEGRATION OF THE TORSIONAL PROeLEM
(0574) 1 DO 4 LI 1,L4PI
(05?5) CALL JFCH (LNt)
(0576) IF (L.EQ.I) GO TO 2
(05?7) IF( ITORS.GT.O ) GO TO 32
(0578) P4F(J4) = F2*P4(J4)
(0579) U(MI,1) - U(M2,1)-P4F(J4)*U(M2,2)
(0580) U(M1,2) = U(M2,2)+C4(J4)*U(Mt,I)
(0581) 32 IF (LLS.EQ.O) GO TO 2
(0582) VY(MN,I) a VY(M2,1)-P4F(J4)*VY(M2,2)
(0583) VV(MI,2) a VV(N2,2)+C4(J4)*VV(Mi,l)
(0584) 2 CALL MFCN(L,M21,M2)
(0585) DO 4 K=MI,M2
(0586) K4 = K-J4
(0587) IF (J8.EQ.O) GO TO 33
(0588) IF (K4.NE.f1) GO TO 33
(0589) GO TO (33,87,33,33,87,87,33,87), KK8
(0590) 87 L82 = L81
(0591) L81 = L81+1
(0592) IF (L81.LE.JS) M8 = NS(L81)
(0593) IF (L82.NE.LS) GO TO 33
(0594) MM9 = K4
(0595) KK8 = I
(0596) MM8 = K
(0597) LL8 = 1
(0598) C *** INITIALIZE PARTICULAR SOLUTION
(0599) VV(K,1) = -1
(0600) VV(K,2) = 0
(0601) 33 IF (M3.NE.K4) GO TO 3
(0602) IF( ITORS.GT.O ) GO TO 34
(0603) PF(J3) - F2*P(J3)
(0604) U(Kl) - U(K,I)-PF(J3)*U(K,2)
(0605) 34 IF (LLS.EQ.O) GO TO 35
(0606) VV(K,I) a VV(K,1)-PF(J3)*VV(K,2)
(0607) 35 J3 a J3+1
(0608) IF (L3.GE.J3) M3 a N3(J3)
(0609) 3 IF (K.GT.M21) GO TO 4
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(0610) KP K+4 TI3
(0611) IF( ITORS.GT.0 GOTO3
(0612) 9(1) a U(K.1)

0613) B(2) a U(K.2)
(0614) CALL TOR$ (K,B)
(0615) U(KP,1) a 3(1)
(0616) U(KP#2) a 9(2)
(0617> 36 IF (LLS.EQ.O) GO TO 4
(0618) 8(1) a VV(K11)
(0619) B(2) a VV(K,2)
(0620) CALL TORS (K. B)
(0621) VV(KP.1) a 8(l)
(0622) VV(KP,2) z B(2)
(0623) 4 CONTINUE
(0624) IF( ITOR3.GT.O GO TO 46
(0625) C *sEND EXCITATION RESPONSE
(0624) ZE z U(M2*1)
(062?) TORD( 19o1) a ZE
(0628) YE.ZE
(0629) IF (U(M2,2).NE.0) 0O TO 7
(0630) IF (15.EQ.1)
(0631) +4RITE (KW. 5002) F
(0632) 5002 FORMAT (26NIEND NODE IS STATION'ARY AT,1PE12.4,3N HZ/9H TORS STI,
(0633) +52HFF BELOW IS END TORQUE PER UNIT TWIST OF FIRST NODE./IH
(0634> GOTO 8
(0635) 7 ZE -ZE/U(M2,2)
(0636) IF (IS.EQ.1)
(0637) +WURITE (KW1 5006)
(0638> 5006 FORMAT (INI)
(0639) a DO 5 LwlL4P1
(0640) CALL JFCN (L,M1)
(0641) M2 x N2(L)+1
(0642) DO 5 KaMl12
(0643) IF (K.EQ MI.AND.L.HE.1) GO TO .5
(0644) K4 - K-J4
(0645) ZM(K4) a U(K,2)
(0646) IF kK4.LT.LIP) 988 a 85(K4)
(0647) TRATE(K4)aU(K,1 )e'YE/BB
(0648) 5 CONTINUE
k0649) CALL MODE
( 0650) IF( NTORS.CT. 0) WRITEC 10) (ZM(K4),K4=1 LlP)
0651) IF (15.NE.1) GO TO 9

(0652) WRITE (KW,5007) FL1PZ(L1P),ZE
(0653) 500? FORMAT (13H FREQUJENCY? =,IPE12.4,31 HZ/13H NODE NO =,13/
(0654) +13H LOCATION =, 1PE12.4,3H IN/13H TORS3 STIFF z IPE12 4,
( 0655) +lOH IN-L9/RAD/lH
( 0656) WRITE (KW,50i3)
(065?) 5013 FORMAT (T15,8NLOCATI0N,T31,8HRELATIVET49,4HUNIT/T3,4HN0DE,T17,

~065S) +4HIIN),T32,5HTWISI,146.10HTWIST IRATE/IH
(0659) D0 i K=1,LIP
(0660 6 WRITE (KW..5014) K,Z(K),ZM'(K),TRATE(K)
k0661) 5014 FORMAT (15,2(1X..F15 4),7X.1PEll.4)
(0662) KPAGE = 0
(0663) 9 IF(NTORS EQ.O) CO TO 99
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(0664) C At, ASSIGNED EXCITATION RESPONSE
(0665) 46 IF (U(M2,1).EQ.O) GO TO 39
(0666) IF (YY(N2,).EQ.O) GO TO 38
(0667) VU a VY(N2,1)
(0668) IF (U(NMM,2).EQ.O) GO TO 37
(0669) AA x U(MN8,2)
(0670) YU a YU*AA
(0671) GOTO 40
(0672) 37 IF (I5.EQ.) WRITE(KW,5003) NS,FNS
(0673) 5003 FORMAT (28HITORS EXCITATION AT NODE NO.,I3,18H CAUSES FORE-SEGHT,
(0674) +13H RESONANCE ATIPD12.4,3H HV/20H TORS STIFF BELOW IS,
(06?5) +I9S TORQUE AT NODE NO.,I3,24H PER UNIT TWIST OF FIRST,
(0676) +6N NODE./IH )
(06?7) AA a I
(0678) GOTO 41
(0679) 38 IF(I5.EQ.I) WRITE(KW,5004) MS,F,MS
(0680) 5004 FORMAT (2SHITORS EXCITATION AT NODE NO.,13,1?H CAUSES AFt-SEGMT,
(0681) +13H RESONANCE AT,IPD2.4,3N HZ/20H TORS STIFF BELOW IS,
(0682) +19 TORQUE AT NODE NO.,I3,23H PER UNIT TWIST OF LAST,
(0683) +6H NODE./IH )
(0684) KU a 2
(0685) ZK(LS) a I/YV(N2,2)
(0686) GOTO 42
(0687) 39 IF (I5.E.1) WRITE (KW,5005) F
(0688) 5005 FORMAT (2?HITORS RESONANCE IS FOUND AT,IPD12.4,3H HZ/1H )
(0689) KU - 3
(0690) GO TO 90
(0691) 40 IF (I5.NE.I.OR.KPAGE.NE.O) GO TO 41
(0692) KPAGE a I
(0693) WRITE (KW,5006)
(0694) 41 IF (KPAGE.NE.O.AND.I5.EQ.1) WRITE (KW,5008)
(0695) 5008 FORMAT (//IN )
(0696) ZK(L8) * -U(M2,1)/VU
(0697) KU = I
(0698) 42 AMP * -YV(M2,I)/U(M2,1)
(0699) IF(15.NE.1) GO TO 90
(0700) WRITE (KU,500?) F,MM9,Z(MM9),ZK(L8)
(0701) 90 JTORS u 0
(0702) IF(15.EQ.I) WRITE(KW,5013)
(0703) 48 w N18(1)
(0704) KK8 x K9(1)
(0705) JJs a 1
(0706) DO 43 L=1,L4PI
(0707) CALL JFCN (LoM)
(0?08) M2 a N2(L)+1
(0709) DO 43 KzMI,M2
(0710) K4 a K-J4
(0711) IF (L.GT.l.AND.K.EQ.Ml) GO TO 43
(0712) IF (K4.NE.NNO) GO TO 43
(0713) IF (KU.NE.3) GO TO 89

(0714) BC=ZM(K4)
(0715) GO TO 890
(0716) 89 BB - 0
(0717) TRATE(K4) * 0
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(0718) IF (KU.NE.1) GO TO 891
(0719) 89 u B9+U(K,2)/AA
(0720) IF (L.LT.L4P1.OR.K.LT.M2) TRATE(K4) a TRATE(K4)+U(Ks1)*AMP
(0721) 891 IF (M11B.GE.K) GO TO 892
(0722) 99 a 08+ZK(L8)'YV(K,2)
(0723) IF (L.LT.L4PI.OR.K,.LT.M2) TRATE(K4) * TRATE(K4)+VV(K.1)
(0724) 892 TRATE(K4) = TRATE(K4)/B5(K4)
(0725) 890 IF(IS.EQ.1) .RITE(KV,5014) K4,Z(K4),BB,TRATE(K4)
(0726) GO TO (94,93,94,94,93,93#94,93), KK6
(0727) 93 JTORS a JTORS+I
(0728) IF (KU.NE.3) GO TO 91
(0729) GG - ZM(K4)
(0730) GO TO 92
(0731) 91 GG a AMP*U(K,2)
(0732) IF (1M$.LT.K) GG a GG+VY(K,2)
(0733) 92 YY(JTORSP2) - GG
(0734) 94 IF (JJB.EQ.JG) GO TO 4'4
(0735) JJe a JJe+
(0736) NNe a 1O(JJ8)
(0737) KKO a KO(JJ8)
(0738) 43 CONTINUE
(0739) 44 ITORS - ITORS+I
(0740) IF(HTORS.GT.O) VRITE(1O) KU,(VV(LITUO;,L= ,NTORS)
(0741) IF (ITORS.EQ.NTORS) GO TO 99
(0742) C *** NEXT EXCITATION STATION
(0743) LB * LB +
(0744) KK8 " K8(L8)
(0745) L91 * L8
(0746) NB H O$(LB)
(0747) LLS = 0
(0748) GO TO 300
(0749) C
(0750) C CALCULATE BENDING RESPONSE
(0751) C
(0752) 99 IF(15.EQ.t) GO TO 1000
(0753) L8•I
(0754) LLB a 0
(0755) IF (15.EG.1) GO TO 216
(0756) L81 a L8
(0757) 400 L83 - 1
(0758) L84 a 1
(0759) IF(J9.EQ.O) GO TO 10
(0760) N8 O N8(L8)
(0761) KKB " K8(LB)
(0762) IF (NBEND.GT.O) WRITE(1O) FCSPD
(0763) IBEND a 0
(0764) 10 IF (LO.GT.1) GO TO 45
(0765) FFRT w SQRT(FF)
(0766) CALL BEND
(0767) C *** INITIALIZE HOMOGENEOUS SOLUTION

(0768) DO 12 K=1,2
(0769) KB - 4*K
(0770) KBI a 9-KB
(0771) K94 x K6I+3
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E (07?2) DO 19 KBOaKBI*K84
(0773) 00 18 K1 1,2
(0774) LBO a KFCN(ITVOK.K,)
(07?5) 18 AA5CI,KBO,L$O) a 0
(0?6) 00 12 KI1u,4
(0??7) KK3 u KFCN(IFOUR,KKI)
(07?6) DO 12 K2=1,2
(0?79) KK4 - KFCN(ITVO,KK2)
(0780) K3 a KI-2
(0781) IF (K2.EQ.K3) GO TO 11
(0782) AA a 0
(0783) GO TO 12
(0784) 11 AA a I
(0785) 12 AAS(I*KK3,KK4) a AA
(0786) DO 95 Ku1I,2
(0787) UU( 1, 1,Kt)•0.O
(0788) 95 UU(I,2,K1)oI.O
(0?89) C *** START OF ASSIGNED EXCITATION RESPONSE
(0790) 45 JBEND a 0
(0791) C *** START OF SENSE-OF-ROTATION CYCLE
(0792) 451 M3 a 0
(0793) LBS - LO*LO3*L84
(0794) IF (L3.EQ.O) GO TO 13
(0795) M3 a N3(1)
(0796) J3 a I
(079?) 13 MS a 0
(0798) LB a I
(0799) IF (L5.GT.O) MS - N5(I)
(0800) C *** INTEGRATION OF THE SENDING PROBLEM
(0801) DO 20 JnI,L4PI
(0802) CALL JFCN (J,1M1)
(0803) IF (J.EQ.1) GO TO 15
(0804) IF (LO.GT.1.AND.LLS.EQ.O) GO TO 47
(0805) CALL LUMPI (W4(J4),Y4(J4),T4(J4),P4S(J4),FF,F2,AA,B8,CCDD)
(0806) 47 IF (L85.GT.1) GO TO 48
(0807) DO 16 KlmI,4
(0808) DO 14 K=1,8
(0809) 14 S(K) = AA5(M2,K,K1)
(0810) CALL LUMP (AA,88,CC,DD,B)
(0811) DO 16 Kwl,8
(0812) 16 AAS(MI,K,KI) = S(K)
(0813) CALL LIMP (M1,AM,BM)
(0814) CALL COUP (1,BM)
(0815) DO 88 KL=1,2
(0816) 88 AI(J4,K,KI) a AM(K,K1)
(0817) 48 IF (LLO.EQ.O) GO TO 15
(0818) DO 49 Kal,8
(0819) 49 S(K) a QU(N2,K,L83)
(0820) CALL LUMP (AA,80,CC,D0,B)
(0821) CALL COUPI (M11,4,AI,8)
(0822) DO 50 K=1,8
(0823) 50 QU(Il,KL83) - 8(K)
(0824) 15 CALL NFCN(J,M21,M2)
(0825) DO 20 KO=Ml,M2
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(0026) K4 " KO-J4
(002?) IF (J9.EQ.O) GO TO 56
(0020) IF (K4.ME.NS.OR.KKB.LE.2) GO TO 56
(0829) C **e IDENTIFY BENDING EXCITATION STATIONS
(0830) L82 a LOI
(0831) LOI a L8I+1
(0832) IF (L8I.LE.JS) NO a NS(L81)
(0833) IF (L02.NE.LB) GO TO 56
(0834) KO a KO
(0835) KO9 a K4
(0836) LL8 a 1
(003?) GO TO (356,356,52153,52,53,51,51),KK8
(0839) 51 IF (L04.EQ.2) GO TO 53
(0839) 52 No a 1
(0840) GOTO 54
(0841) 53 NOB a 2
(0842) 54 KKO a 1
(0643) C *** INITIALIZE PARTICULAR SOLUTION
(0844) 00 55 K"1,2
(0845) 00 55 K1l,4
(0846) K2 - KFCN(IFOUR,K,KI)
(084?) K3 - KFCN(ITVO,K,KI)
(0848) IF (Ki.HE.M88.OR.L83.NE.K) GO TO 855
(0849) AA a I
(0850) GO TO 955
(0851) 855 AA a 0
(0852) 955 IF (KI.LE.2) XV(K3,L83) - AA
(0853) IF (KI.EQ.2.AND.K88.EQ.2) AA = -AA
(0854) 55 QU(KO,K2,L83) a AA
(0955) 356 IF (L8.GT.1.AND.LL8.EO.O) GO TO 216
(0856) 56 IF (M3.NEK4) GO TO 17
(085?) IF (L8.GT.1.AHD.LL8.EQ.O) GO TO 57
(0858) CALL LUMPI (W(J3),Y(J3),T(J3),PS(J3 ),FFF2,AA,8 ,CC,DD)
(0059) 57 IF (L85,GT.1) GO TO 601
(0860) DO 59 Klnl,4
(0861) 00 58 KI 1,8
(0862) 58 8(K) = AAS(KO,K,KI)
(0863) CALL LUMP (AABB, CCIDD,B)
(0064) DO 59 K=I,8
(0865) 59 AA5(KO, K,KI) = B(K)
(0866) 601 IF (LLS.EQ.O) GO TO 62
(0867) DO 60 K=I,8
(0868) 60 9(K) = QU(KO,K,L83)
(0869) CALL LUMP (AABB,CCDD,B)
(0870) DO 61 K=I,8
(0871) 61 QU(KO,K.,L83) = S(K)
(0872) 62 J3 = J3+1
(0873) IF (L3.GE.J3) M3 = N3(d3)
(0874, 17 IF (M5.NEK4) GO TO 19
(0875) IF(L85 GT.1) GO TO 666
(08?6) D00 65 K1=1,4
(0877) DO 64 K=1,8
(0878) 64 B(K) = AA5(KO,KKI)
(0879) B(K)=AA5(KO, K,K1)
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W 088N 6()S -XS(LB,1)*8(4)

12 (0881" 9( 2)aB( 2)+XS( LB..2 *B(?)7
k (0882) S( 5)=B( 5)-XS( LB, i)*8(8)

'0883) S( 6)=B( 6)+XS( LB,2)*B( 7
~' (0884) DO 61 K=1,9

(.0885) 65 AAS(KO..K,K1) - S(K)
'0886) 666 IF (LLB.EQ.O) GO TO 68
(0887) DO 66 K=1,g

S (0888) 66 S(K) a QU(KOKL83)
S (0889) 6(1 )wS( I)-XS(LB,1 )*9(4)

(0890) 8(2)wB(2)+XS(LB,2)*B(3)
S (0891) 8(5)w9(5)-XS(L9,1 )*S(8)
S (0892) 8(6)=B(6)+XS(L8,2)*S(?)

(0893) DO 6? K=1,8
S (0894) 6? QU(KO,K,L83) 8(K)
S (0095) 68 IF (LB.EQ..LS) GO TO 19
S (0896) LB a LB+1

(089?> Mj5 a N5(L0)
S (0898) 19 IF (KO GTiI21) GO TO 20
S (0899) IF (LS.GT..1 .AND. LL8.EQ.O) CO TO 95?

(0900) TRAH=0.5*TRA(K4)
~' (0901) POLH=SS*TRA(K4)
- (0902) ALUMP a 0.0

(0903) SLUMP =0.0
(0904) CALL LtJP(ALUHP,BLUMP,TRAH,POLH,FFF2,AA,8B,CC,DD)
(0905) 95? IF(L85.GT.1) GO TO 6019
('9906) 00 959 K1=1,4
(090?) DO 958 "=1,8
(0908) 958 B(K)=AA5I(KO#K;K1)

t (0909) CALL LUMP(AA.88,CCDD,B)
(0910) DO 959 K=1,8

S (0911) 959 .AA5(KO,K,91)zB(K)
(0912) 6019 IF(LL8.EQ.O) GO TO n62

S (0913) DO 960 K=1,8
(0914) 960 g(K)*QfJ(KOKL83)
(0915) CALL LUMP(AA..90,CC 100,B)
(0916) DC 961 K=1,8

c(091?) 961 QU(KO,K,L83)ag(K)
(0918) 962 CONTINUE
(0919) KP = KO+1
(0920) IF (L8.GT 1.AND.LL8.EQ.0) GO TO 69

t, (0921) CALL FLEX (K4,FFRT,E)
(0922) 6? IF (L85.GT.1) GO TO 72

j (0923) DO 71 KI*l.4
S((-924) DO 70 K=1.,8
S (0925) 70 S(K) =AA5(XO,K,KI)

(0926) ClII. CFLEX (K4,B,E)
(0927) DO 71 K=1,8
(0928) 71 AA5(KPKK1) a 8(K)

S(0'29) 72 IF (LL8.1 0.0) GO TG 20
10~9-1^ DO 73 K=1,8
(0931) ?3 S(K) = QI(KOPK,L83)
(0932) CALL CFLEX (K4,B,E>

S(0933) DO 74 Ku1,S
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(0934) 74 QU(KP,KL83) S 8(K)
(0935) IF(L8.GT.l .AND. LL8.EQ.O) GO TO 857
(0936) ALUMP a 0.0
(0937) BLUMP a 0.0
(0938) CALL LUHPI(ALUNPBLUNP,TRAH,POLN,FF,F2,AAiBB,CCDD)
(0939) 85? IF(LS8.GT.1) GO TO 6018
(0940) DO 859 K1=1,4

(0941) DO 858 K=1,8
(0942) 858 B(K)-.AA5(KPK,Kl)
(0943) CALL LUMP(AA, BBCC,DDB)
(094.4) DO 859 K=1,8
(0945) 859 AA5(KP,K,K1)=B(K)
(0946) 6018 IF(LLS.EQ.O) GO TO 862
(0947) DO 860 K=1,8
(0948) 860 B(K)"QU(KP,K1 L83)
(0949) CALL LUMP(AA, 88,CC,DD,B)
(0950) DO 861 K"1,8
(0951) 861 Qb(KP,KLS3)=B(K)
(0952) 862 CONTINUE
(0953) KQ=K4+1

=(0954) UU(KQ,1,1)=AA5(KP,4,1)- (0955) UU(KQ,2,1)=AA5(KP,4,2) !

(0956) UU(KQ,1 ,2)=AA5(KP,8,3)
(095?) UtJ(KQ,2,2)=AA5(KP 8, 4)
(0958) 20 CONTINUE
(0959) IF (Le5.GT.1) GO TO 20?
(0960) IF(LIST.EQ.O) wRITE(KW,5019) S,F
(0961) 5019 FORMAT (1?HIBENDING RESPONSE//12H SPEED = ,IPD12.4,4H RPM/
(0962) +12H FREQUENCY = ,1PD12.4,3N HZ/IH )
(0963) JORB = 0
(0964) IF(S.NE.O.O) GO TO 9226
(0965) NGYRO = 1
(0966) GO TO 9227
(0967) 9226 NGYRO a 2
(0968) C *** ISOTROPIC END DETERMINANT CHECK
(0969) 922? DO 9222 N=1,2
(0970) NH = 2*(N-1)
(0971) DO 9221 J=1,2
(0972) J = 2*NN+J

k(0973) DO 9221 K(=1,2
(0974) KK = NN+K
(0975) 9221 AM(J,K) a AA5(H2,JJKK)
(0976) IMAXA a 2
(09?7) IHAXB = 0
(0978) CALL !AXIV(AMIMAXA,B~iIPAXB,DETERH,JMAX)
(0979) DET(N)=DETERM
(0980) IF (IMAXA.HE.O) GO TO 21
(0981) WRITE (KY,5021) F
( 5 (0982) 5021 FORHAT(/30H BENDING RESONANCE IS FOUND AT,IPE12.4,4H HZ/')

(0983) C *** CALCULATE ISOTROPIC RESONANT MOIDE
(0994) JORB a N
(0985) 28 Jul
(0986) KI s NH+I
(098?) K2 s NN+2

262



(099B) 23 Ji HN+J
(0909) J2 = NN Jl
(0990) IF (RA5(M2,J2,K1).EQ.O.O) GO TO 24
(0991) E(KI) - -AA5(M2,J2,K2)/AA5(M2,J2,KI)
(0992) E(K2) - 1
(0993) GO TO 9222
(0994) 24 IF (AAS(M2,J2,K2).EQ.O.O) GO TO 25
(0995) E(KI) a I
(0996) E(K2) u 0
(0997) GO TO 9222
(0998) 25 IF (J.EQ.2) GO TO 26
(0999) J a 2
(1000) GO TO 23
(1001) C *** IHVERT ISOTROPIC END MATRIX
(1002) 21 DO 27 J%1#2
(1003) JJ a NN+J
(1004) DO 27 Ka1.2
(1005) KK a NN+K
(1006) 27 ANI(JJ,KK) a AM(J,K)
(1007) IF (H.EQ.1) GO TO 28
(1008) WRITE (KU, 5025) S,F,(DET(HUHIRL),HWHIRL=I,2)
(1009) 5025 FORMAT (IP2E12.4,2E15.6)
(1010) GO TO 28
(1011) 9222 CONTINUE
(1012) DO 76 H=l,LIP
(1013) DO 76 J=1,2
(1014) SHAPE=O.0
(1015) DO 75 Kgl,2
(1016) KI=K
(1017) IF(J.EQ.2) KI=KI+2
(1018) 75 SHAPE=SHAPE+E(K1)*UU(H,K,J)
(1019) 76 UU(N,1,J):SHAPE
(1020) WRITE(1O) (DET(N),N=1,2),(Z(HU),(UUeHU,IOHE,J),J=1,2),NU=I,LIP
(1021, GO TO 207
(1022) 26 WRITE (KU,5022)
(1023) 5022 FORMAT (21N END MATRIX IS EMPTY./IH )
(1024) CALL EXIT
(1025) 207 IF(LLS.EQ.O) GO TO 216
(1026) IF(L83.EQ.I.AND.LIST.EQ.O) WRITE(Kg,51O?) S,F,K09
(1027) 5107 FORMAT (17HIBENDING RESPONSE//19H SPEED = ,1PD12.4,
(1028) +4H RPM//19H FREQUENCY = ,IPD12.4,3H HZ//
(1029) +19H ACTION NODE NO. a ,13)
(1030) DO 2081 K=1,4
(1031) 2081 AMAX(K) a 0
(1032) C *** CALCULATE ISOTROPIC INITIAL INFLUENCE COEFFT.,IEHTS
(1033) NN=2*(L83-1)
(1034) DO 9225 u=1,2
(1035) JA x NN+J
(1036) JB a 5-JA
(103?) E(JA) = 0.0
(1038) IF .JORB.EO.,L83) GO TO 9225
(1039) DO 29 K=1,2
(1040) KA a HN+K
(1041) KB = NN+KA
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( 1042) 29 EJA ) =E( JA)-(V)Q~,8L
( 1043> 9225 V(JB> ) 0. 0
( 1044) C *** GENERmTE COUPLING STATION INFLUENCE COEFFICIENTS
(1045) DO 211 Lal,L4P1
( 1046) L6 a L4P1-L+1
( 104?) 112 = N2(L6)+l
( 1048) IF (L EQGI) GO TO 210
( i049) BM1(1,1) = C ( I4 -A ( 2 42,E 2 -A5 M . - )E 4
(1050) 8Ml(21l 1 QC(l -iS 2 *,2 A~.2-8 -E

(1051) DO 209 9=1,2
(1052) K<4 = KFCH(IFOUR,K,4)
(1053) DO 209 J=1,2
(1054) Ji = 2*J-1
(1055) 209 AM(K, J> AA.5(M1,K4,J1:)
(105t) IMAXA =2
( 105?) lMAXB = 1
(1058) CALL MAXIV(AM,INAXA,BM,TMA~e8D.TEPt4,,!MAX)
( 1059) E( 1 = M(1,1)
( 1060) E(3) =BM(2,1I

( 1061) 210 Ml = I(L6)
( 1062) D0 21 1 KO=MI,-M2
( 1063) DO 21 1 K=1,8
( 1064) QC5(KOK) = 0
( 1065) DO 211 J=14
(1066) 211 0C5(KO,K) = CeOK+;5K-,.4(J
(106?) C **CALCULATE TOTAL ROTATIO)NAL -'COLUTTION
(1068) DO0214 L=1,L4P1
( 1069> CALL JFCN ( L MI)
( 1070) M12 = N2(L)+t
( 1071) DO 214 K-M IM2
(1072) K4 = K-.J4
(1073) DO 213 N1=1,4
(1074) J N+4
(1075) AA OC5(KH)
(10?6> 98 Q CS5KJ)
(1077) IF(K.LT.(08) GO TO 212
( 1078) AA = AA+QikK.H,LB3)
( 1079) 88 = 988+OLIK ,J, L83)
(1090) 212 TRY = A8S(AA)+A8S(B8)
( 1081) [U(K,,N.LS3) = AA
( 1082) UUCK,,J,L83) =8B
(1083) 213 TF(AMArX(N) LT TRY) AMAX0fl) =TRY

(1084) 214 CONTINUE
(1085) IF (L93.GT.HGYRO) GO TO 2211
(1086) IF(LIST.Eg.1) GO TO 217
(108?) WRITE (KUW 5100)
(1088) 5100 FORMAT (//T22,1OHFORCE (LB), T.;6, 4HMOMENT (IN-LB -)
(1089) WRITE (KW,5101) (XV(K 1 L83),K=1 4)
(1090) 5101 FORMAT (15H CO -ROTATIONAL,2(4XIPD12.5)/
(1091) 4-15I CTR-R0TATTONAL,2(4X.1FD12.5)? 1H
(1092) WRITE (KW..5093) (AMAX(K),K=1,4)
(1093) 5093 FORMAT (T4,4HMODE,T19,5HSHEAR,T31,6Ht1OMENT,T43,5HSL0PE,T54,
(1094) +1OHDEFLECTION/l0H VARIABLES,T19,5H(L8S),T31,7H(INl-L8),TS?,
(1095) +4H(IN),'6H SCALE,8X~lP4D12.4/IH >
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1096) WRITE (KW,5023)
(1097) 5023 FORMAT (T9,SHLOCATION,21H CO-ROTATIONAL VHIPL,T."'.2OHCTR-POTfT1ON

k1098) +AL WHIRL/14H NODE (IN),2(53H qHEAF MOMENT SLOPE D
(1099) +EFLECTION M/(EI) )/IH
(1100) 217 NHBwN8(1)
(1101) JjS = I
(1102) DO 221 J-1,L4PI
(103) CALL JFCH (JNt)
(1104) M2 * N2(J)+t
(1.105) DO 221 K=MlI,2
(1106) K4 a K,'J4
(1107) IF(K4.NE.HN8) GO TO 221
(1108) DO 220 HI,4
(1109) L = N+4
(1110) B(N) m UU(K,N,L83)/AMAX(N)
(1111) 220 B(L+ ) = UU(KL,L83)/AMAX(N)
(1112) IF (J.LT.L4PI.OR.K.LT.M2) CO TO 250
(1113) 0(5) = 0
(1114) B(10) = 0
(1115) GO TO 251
(1116) 250 8(5) = iU(K,2,L83)/B2(K4)
(1117) B(IO) = UU(K,6,L83)/82(K4)
(1118) 251 IF(LIST.EQ.O) WRITE(KW,5028) K4,Z(K4),(9(H),N=1,1O)
(1119) 5028 FORMAT ( 14,FI1.4,2(IXOP4FIO.6,IPD12.4))
(1120) IF(JJ8.EQ.JS) GO TO 2211
(1121) JJS a JJ8+l
(1122) NN8 a NSJJ8)
(1123) 221 CONTINUE
(1124) 2211 M8 B NS(LS)
(1125) KK8 = KO(L8)
(1126) IF (L83.EQ.2) GO TO 215
(1127) C *** SWITCH TO CTR-ROTATIONAL CASE
(1128) L83 c 2
(1129) LL8 = 0
(1130) L81 a L8
(1131) GO TO 451
(1132) C *** CARTESIAN REPRESENTATION
(1133) 215 IF(LIST.EQ.O) WRITE(KW,5102) S,F
(1134) 5102 FORNAT(/25H CARTESIAN REPRESENTATION//19H SPEED
(1135) +IPE12.4,5H RPM //19H FREQUENCY ,E12.4,3H HZ)
(1136) KKK9 a KKS
(1137) WRITE(1O) JDRB, MSKKS
(1138) M=
(1139> DO 222 N=l,4
(1140) 222 AtAX(N) = 0
(1141) DO 224 JmI,L4P1
(1142) CALL JFCN (JMI)
(1143) M2 a N2(J)+t

i (1144) DO 224 K=1N112
(1145) K4 x K-J4
(1146) DO 223 N=1,4
(1147) L = N+4
(1140) AA a 0.0
(1149) IF (JORB.NE.2) AA = AA+UU(K,N,I)
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(1150) 859 0. 0
(1151) IF(JORB.NE.1) BB--UU(K,Ls2)
(1152) X05(K,N) - (AA-BB)12
(1153) IF (M.EQ.2) XDS(K,N) a -XDS(K*N)
(1154) TRY a (A8S(AA)eABS(BB),/2
(1155) IF'(AMAX(N).LT.TRY) AMAX(N) *TRY
(156) 223 XD5(KoL)a -(AA.BB)/2
(1157) 224 CONTINUE
(1158) IF(LIST.Eg.1) GO TO ?002
(1159) VRITE(KW.5103)
(1160) 5103 FORMAT(13?H STATION FORCE (LB) MOMENT (IN-IB))
(1161) WRITE(KWo5106) KO9t(XY(J#M)pXV J1 M),Jo11 2)
(1162) 5106 FORMAT(I5s2(3X*IPEl2.S))
(1163) IF (JORB.NE.O) CO TO ?000
(1164) WRITE (KU..5093) (AMAX(N)#NL,,)

Fil(1165) GO TO 7001
(1166) 7000 WRITE (KWs9999)
(116?) 9999 FORMAT (53N THE FOLLOWING ARE NORMALIZED RESONANT DISTRIBUTIONS./)
(1168) 7001 WRITE(KW..5104)
(1149) 5104 FORMAT (T9#29HLOCATION VERTICAL COIPONENTSIT?2#21HHORIZONTAL CORP
(1170) +ONENTS/14H NODE (IN),2(53H SHEAR MOMENT SLOPE DEF
(1171) +LECTION M/(EI) )
(1172) 7002 NNHSNS(1)
(1173) KK9 a K(()
(1174) JJS = I
(1175) DO 226 J=1,L4PI
(1176) CALL JFCH (JoMI)
(1177) M2 a N2(J)+1
(1178) DO 226 KwM1,M2
(1179) K4 a K-J4
(1180) IF (J.GT.1.AHD.K.EQ.MI) GO TO 226
(1181) IF (K4.NE.NNS) GO TO 226
(1182) DO 225 N21,4
(1183) L a N+4
(1184) 9(N) - XD5(K1 N)/AMA1X(N)
(1185) 225 B(L+1) - XD5(KL)/AMAX(N)
(1186) IF (J.LT.[.4PI.Of.t.K LT.N2) GO TO 252
(1187) B(S) 0
(1188) 8(10) '0
(1189) GO TO 253
(11410) 252 9(5) x XD5(K,2)/82(K4)
(1191) B( 10) a XD5( K,6 )182(K4)
(1192) 253 IF(LIST NEl1) WRITE(KW,5105) K4,Z(K4),(B(N),N-l,1O)
(1193) 5105 FORMAT (13,3H RE1FIO.4,4F10 6,1PDI2 4/6H IN,63XOP4F1O 6,IPD12
(1194) +4)
(1195) GO TO (2O20-3,3,3,3,3,3) KK8
(1196) 231 JOEND - J8EHD.1
(119?) K9CJBEND)x1
(1198) LSEND = NBEND*JBEND
(1199) ZM(JBEND) a XD5(K,4)
(1200) ZM(LBEND) = XD5(KS)
(1201) IF (KKS.LT.7) GO TO 260
(1202) 232 JBEND = JBEND+1
(1203) K9(J8END)-2
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(1204) LBEND "BEND+JBEND
(1205) ZN(JBEHO) a XD5(K*3)
(1206) Z1(LSEND) a XD5(K,?)
(120?) 26,0 IF (JJS.EQ.J8) GO TO 22?
(1206) JJO a jJo+l
(1209) NNO a NO(JJO)
(1210) KKS a K9(JJB)

(1211) 226 CONTINUE
(1212) 22? CONTINUE
(1213) WRIT.(IO) (ZI(K),Kal,NEND)
(1214) IBEND a IBEND+I
(1215) IF (KKK8.LT.7.OR.LS4.EQ.2) GO TO 244
(121f) C *** SVITCH TO 1ONENT EXCITATION
(1217) L84 a 2
(1218) L81 a LS
(1219) HS - NS(LS)
(1220) KK8 a K8(Le)
(1221) L83 a I
(1222) LLO a 0
(1223) GOTO 45
(1224) 244 IF (IBEND.EQ.NBEND) GO TO 100
(1225) C *** IDENTIFY NEXT 9ENDING EXCITATION STATION
(1226) 216 LL8 a 0
(1227) 240 IF (JO.LE.LS) GO TO 100
(1228) LS - LS+1
(1229) KK8 a K8(L8)
(1230) IF (KK8.LT.3) GO TO 240
(1231) L81 - LS
(1232) L83 - 1
(1233) L84 = I
(1234) M8 - N8(LS)
(1235) GO TO 45
(1236) 100 CONTINUE
(1237) 1000 CONTINUE
(1238) WRITE(1O) (K9(I),Ial,NBEHD)
(1239) RETURN
(1240) END
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(1241) SUBROUTINE SYDSYN
(1242) DIMENSION SRGLX(2,2),TLX(2,4).DXX(2,11),X(4O.4O)
(1243) DIM4ENSION NO( 20),K9( 20)
(1244) DIMENSION DETER(2. 11)
(1245) DIMENSION IMARN(2,11).NFORCE(20),KFORCE(2O).8IG(2O)1SMALL(2O)
(1246) DIMENSION SLANT(2O)1 PHASE(20),SPEED(11)
(124?) DIMENSION FLX(4,2O)1 PLX(8O),ULX(80)
(1248) DIMENSION IDENT(4)#NTITLE(16),KEX(4O)
(1249) DIMENSION IRLAD(40)#ICLA8(4O).FREQ(11)
(1250) DIMENSION SRGST(4*2),ENDET(2)1 SNAPE(?6o3),STIF(2,21 2O),
(1251) +DAMP( 2,2,20), KBG( 4 )POS IT(76)
(1252) DIMENSION RET(ll),XINT(l1)
(1253) DIMENSION TABLX(6O,122)
(1254) CONMON/BMAT/XLX(60,12O),YLX(60,120),ZLX(6O. 120),
(1255) IXHALF(20,40),YHALF(20,40),ZNALF(20,40),QNALF(20,40)
(1256) COMNON/BINV/XIN(60,122),XOU(60,122,LX(2),IROU(61 )'ICOL(61)
(125?) COMMONVtLU,LR
(1258) COMMON/CBEG/IBEG
(1259) COMNON/VUADD/FSQ
(1260) COPMON/VUS/MO 1K8,X*POSIT
(1261) COMMON/CODA/K9(20)
(1262) COMMON/WJSA/RETXINT
(1263) COMMOI/PRMS/IRUN,ITYPE1 IBRC,IDIAG
(1264) COMMON/XGCON/SLOW..RLAX1 IGEN
(1265) DATA STIF,DAMP/?160*O 0/
(1266) M60 =60

(1267) JRa1
(1268) JC = 1
(1269) KEEP=8
(1270) K.RLR
(1271) KW=LW
(1272) KSAYE=9
(12?3) ISLO =0

1274) READ (10) KASENTORS,NBEND
(1275) IRUN =0
(1276) IF (NOEND.Eg O.AHD.NTORS.EQ.O) GO TO 5
(12??) READ(KR,11O) IRUN,ITYPE,IBRG,IPRI,IDIAG,IGEH,ISLO,IBEG
(12?8) IF (ISLO) 1,213
(1279) 1 SLOW a 2 O**ISLO
(1280) RLAX =O.I**ISLO
(1281) GO TO 5
(1282) 2 RLA4X =1.0

(1283) 3 SLOWJ 1.0
(1284) IF ( ISLO.EO 0) GO TO 5
(1285) RLAX = 1O.Q**ISLO
(1286) 5 LIE=O
(1287) NTI = TORS+1
(1288) NT2 =2*NTORS

y(1289) NTB = HTORS+NBEN>
(1290) 42 ,2*HBENP
(1291) N3 = H42+1
(1292) NTB8 HTORS+N2
(1293) H22 = "*N2

(1294) N421 =N22-1
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(1295) H23 a M22+1
(1296) M24 - 2*NTBU
(129?) 00 400 JASEwIKASE

(1296) DO 6 Ixl,N2
(1299) PLX(I) a 0.0
(1300) PLX(N2+I) m 0.0
(1301) DO 6 J=1,4
(1302) FLX(J*I) a 0.0
(1303) 6 CONTINUE
(1304) REWIND KSAVE

. (1305) REWIND KEEP
(13,J.6) READ (10) IDENT,NTITLENSPO,LSRG,LNODE,KRUH,LRUN
(1307) IF(NBEHD.GT.O) GO TO 2005
(1308) IRUNuO
(1309) GO TO 2017
(1310) 2005 IF(IRUN.GT.2) GO TO 2016
(1311) IF(IRUN.EQ.O.OR.LRUN.EQ.1) GO TO 201?
(1312) 2010 WRITE(KW,2015) LRUHNIRUN

(1313) 2015 FORMAT (//19H PARAMETERS (LRUH -,15,?H IRUN v,I5,19R) ARF INCOMPAT
(1314) +IBLE.)
(1315) CALL EXIT
(1316) 2016 IF(LRUN.EQ.I) GO TO 2010
(1317) 2017 CONTINUE
(1318) IF 'IRUN.NE.4) ITYPE a 0
(1319) CALL RUNCON(KWIRUNITYPEIENTNTITLE)
(1320) DO 399 KSPDaI,HSPD
(1321) IF (NTORS.EQ.O) GO TO 120
(1322) READ (10) (KEX(I),I=1,NTORS)
(1323) IF (KSPD.GT.1) GO TO 120
(1324) WRITE (KW, 100)
(1325) 100 FORMAT (/30N TORSIONAL EXCITATION STATIONS)
(1326) WRITE (KW,110) (KEX(I),Ia- ,NTORS)
(1327) 110 FORMAT(1615)
(1320) 120 IF (HBEND.EQ.O) GO TO 140
(1329) READ (10) (KEX(I),InNTINT8)
(1330) IF(LBRG.EQ.O) GO TO 125
(1331) READ (10) (KBG(I8R),(8RGST(IBR,JBRG),JBRGx1,2),IBR=1.LRG.
(1332) 125 CONTINUE

* (1333) IF (KSPD.GT.1) GO TO 140
(1334) VRITE(KW,130)
(1335) 130 FORMAT (/26N SENDING EXCITATION STATIONS)
(1336) WRITE(KW,110) (KEX(I),I-HTI,HTB)
(1337) 140 READ (10) IFRE
(1338) DO 390 JFREuloIFRE
(1339) IF(LRUN.EQ.1) GO TO 3901
(1340) REWIND KSAVE
(1341) REWIND KEEPj (1342) 3901 READ (10) NFkEQ
(1343) DO 380 KJu1,NFREQ
(1344) IF (NTORS.EQ.O) GO TO 265
(1345) READ (10) FREG(KJ)
(1346) OfGz6.283185*FREQ(KJ)
(1347) lONE z I

* (1348) READ (10) (SHAPE(IPRINT,IONE),IPRINT=I,LNODE)
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(1349) DO 150 I1.NTORS
(1350) READ (10) KU.(X(J*I),Jal1NTORS)
(1331) 150 CONTINUE
(1352) IF(IDIAG.NE.2) GO TO 1?5
(1353) WRITE (KV, 170) IDENT#NTITLE
(1354) 170 FORMAT (INI,20A4)
(1355) WRITE (KW, 160)
(1356) 160 FORMAT(26H TORSIONAL MOBILITY MATRIX/IN
(135?) 175 DO 190 Iml 1 NTORS
(1358) IRLASCI) a I
(1359) ICLAB(I) - I
(1360) 00 100 Ja1.NTORS
(1361) J2 a 2*J
(1362) J1 a J2-1
(1363) XZN(I#J1 ) aX(I*J)
(1364) XZN(11 J2) a 0.0
(1365) XLX(IJ1) a X(I*J)
(1366) 180 XLX(!,J2) * 0.0
(136?) IF(IDIAG.NE.2) GO TO 185
(1360) DO 181 I-I1 NTORS
( 1369) DO 181 Ju1,NT2
(1370) TABLX(1 1 4) - XLX(I,J)
(1371) 181 CONTINUE
(1372) CALL MOUTC (TASLX#tTORSNTORS1 N6iOJR,JCIRLABICLAB,LINE,KU)
(1373) 105 IF (KU.NE.2) GO TO 210
(1374) WRITE (KU4 190) FREG(KJ)
(1375) 190 FORMAT (/1PE12.4,-38HNHZ IS A TORSIONAL RESONANT FREQUENCY/
(1376) +3?H EXECUTION HALTED, SEE USER'S MANUAL./IHI)
(137?) CALL EXIT
(1378) 210 CALL INYC (NTORS. KERR)
(1379) IF (IERR.NE.0) CO TO 4010
(1380) DO 215 Im1,NTORS
(1381) 0O 215 J-l,NT2
( 1382) ZLX(I,J) aXOU(I)J)
(<1383) 215 CONTINUE
( 1384) IF(IDIAG.NE.2) GO TO 240
( 1385) WRITE (KW,230)
(1386) "130 FORMAT C////2?H TORSIONAL IMPEDANCE MATRIX/IN
(138?) DO 231 I.1,NTORS
(1388) DO 231 Ju1,NT2
(1389) TAOLX(I,J) a ZLX(IJ)
(1390) 231 CONTINUE
(1391) CALL MOUTC (TA8LX,NTORS,NTORS1N6O,JR,JC,IRLAS,ICLAB,LINEKU)
(1392) 240 IF (NBEND.Eg.0) GO TO 360
(1393) DO 260 Ix11NTORS
( 1394) DO 260 Jm1,NT2
( 1395) YLX(I,J) aZLX(I,J)
( 1396) 260 CONTINUE
139?) 265 IF (NBEND.EQ.O) GO TO 360

( 1398) READ (10) FREQ(KJ),SPD
( 1399) UMG=6 2831 85*FREQ( KJ>
1400) SRPM a 60.0*SPD

(1401) READ (10) (ENDET(IDET),IDET=14 2), (POSIT(IPRIHT),(SHAPE(IPRINT
(1402) + ISHAPE),ISHAPEs2,3),IPRINT=1,LNODE)
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(1403) DO 280 IzIHBEND
(1404) READ (10) JORBMS(I)1 K8(I)
(1405) READ (10) (X(J,1),Jul,N2)

*(1406) 280 CONTINUE
(1407) IF(IDIAC.NE.2) GO TO 295

*(1408) WRITE (KW,1?0) IDENTDHTITLE
(1409> WRITE (KU,2?O) FREQ(KJ).SPO
(1410) 270 FORMAT(/ION FREQ I 1 PE12.4,3N HZ/ION RPS * E12.4*3HNHZ)
( 1411) WRITE (KU1290)
(1412) 290 FORMAT(24HO8ENDIHG MOBILITY MATRIX)
(1413) 295 NINBEND-1
(1414) DO 300 Iz1,NNI
(1415) IRLAB(I)-l
(1416) ICLAB(I)mI
(141?) L = NBEND+I
( 1418) IRLAB(L)=L
( 1419) ICLP.8(L)=L
( 1420) 12 - 2*1
( 1421) 11 x 12-1
( 1422) XLX(1I) = xX(I,I)
(1423) XLX(1,12) a .0
(1424) XLX(L,1) = .0
(1425) XLX(L,12) - X(LoI)
(1426) L2 - 2sL
(1427) Li - L2-1
(1428) XLX(I,L1) -- XLX(L,11)
(1429) XLX(IL2) r- -XLX(L..12)
(1430) XLX(L 5 LI) =XLX(II1)

(1431) XLX(LL2) XLX(I,12)
(1432) IPLUS=[+1
(1433) DO 300 J-IPLUSNBEND
(1434) J2 - 2*J
(1435) J1 - J2-1
(1436) X(JpI)mO.5*(X(JsI)+X(Ioj))
(143?) XLX(Joi) zX(JI)
(1438) XLX(J,12) a .0
(1439) XLX(I,Jl) a XLX(J,-11)
(1440) XLX(IJ2) - XLX(J41 12)
(1441) M NBEND+J
(1442) X( MsI )vc0.5*( X(M, I )+X(L J))
(1443) XLX(9i,I1) - 0.0
(-1444) XLX(M,12) - X(MoI)
(1445) XLX(LJ1)-XLX(M,11)
(1446) XLX(L1J2)=XLX(MN1 12)
(144?) XLX(J,Ll)=-XLX(M~i1)
(1448) XLX(4.L2)n-XLX(M4,12)
(1449) M2 a *
(1450) MI x M2-1
(1451) XLX (I ,M I )-XL X( J *L I
(1452) XLX(Ift2)mXLX(J,L2)
(1453) XLX(LN1) a XLX(I*J1)
(1454) XLX(LN2) aXLX(I#J2)
(1455) XLX(M ,L1) - XLX(JoI1)
(1456) 300 XLX(M..L2) -XLX(J, 12)
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(1457) IRL.AM(BE*D) a NOEND
(1458) ICLAO(MUEND) - NOEND
(1459) IRLA8(N2)'N2
(1460) ICLAB(N2 )uH2
(1461) XLXCNIENO.N2-I) a X(NSENO1NSEND)
(1462) XLX(NBEK0,N2) m 0.0
(1463) XLX(N2,H2-1) a 0.0
(1464) XLX(N2.,N2) a X(X2*X8ENO)
(1465) XLX(NBEND.1421) *-XLX(N2.,N2-1)
(1466) XLX(NBENDN22) *-XL)((N2oN2)
(146?) XLX(1421 421) - XLX(N9END,.N2-1)
(1468) XLX(142,N22) - XLX(t4SEND.142)
(1469) DO 302 1.1.142
(1470) DO 302 J*1.1422
(1471) 302 XIN(I,J) =XLX(I,J)
(1472) IF(IDIAG.NE.2) CO TO 305
(14?3) DO 301 11.,N2I(1474) DO 301 JsliN22
(14?5> 301 TA8LX(11 J) a XLX(I*J)
(1476) CALL HOUTC (TA9LXN2,H2,1q60,JR,JC,IRLAB, ICLA8,LINE..KW)
(14??) 305 IF (JORB.EQ.O) GO TO 320
(1478) WRITE (KU.310) FREQ(K.J)
Li479) 310 fORIIAT (lHl~lFE12.4,36H 14Z IS A BENDING RESONANT FREQUENCY

(1480) +37)4 EXECUTION HALTED, SEE USER'S IAtUAL./IHI)
(1481) CALL EXIT
(1482) 320 CALL INVC (N21 IERR)
(1483) IF (IERR.NE.O) GO TO 4010
(1484) DO 321 1=1,142
(1485) DO 321 J1l,H22
(1486) 321 ZLX(I,J) = XOU(I,J)
(148?) IF(NTORS.EQ.O) GO TO 360
(1488) DO 331 I=l,N2
(1489) DO 331 J=N23,N24
(1490) ZLX(IJ) =0.0
(1491) 331 CONTINUE
(1492) D0 333 I:N3,HNTBB
(1493) IRLAB(I) a I
(1494) ICLAB(I) = I
(1495) DO 332 J1,HN22
(1496) "LX(I,J) =0.0
(1497) 332 CONTINUE
(1498) L = I-1422
(1499) DO '33 J=N23,N24
(1500) K - J-N22
(1501) ZLX(I,J) =YLX(L,K)
(1502) 333 CONTINUE
(1503) IF(IDIAG.NE.2) GO TO 360
(1504) WRITE (KU.340)
(1505) 340 FORMAT (25H1BENDING IMPEDANCE tATRIXe'IH)
( 1506) DO 334 I=1,N2
( 150?> DO 334 J=1,N22
(1508) TABLX(I,J) =ZLX(I,J)
(1509) 334 CONTINUE
(1510) CALL NOUTC (TABLX1 N2,H2jM60,JR.JCIRL,ICLABLINE,KU;)"
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(1511) 360 IF (IDIAG.NE.2) GO TO 3702
(1512) WRITE (KW,3?O) IDEHTNTITLESRPIoFREQ(kJ),NT8B
(151." ) 370 FORMAT (43HIUNMODIFIED IMPEDANCE MATRIX RECORD SUMMARY/
(1514) +1OHOIDENT a ,4A4/IOH HTITLE a ,16A4/ION RPM IPE12 4,
(1515) +3H uZ/1OH FREQ x ,E12.4,3H NZ/IOH RANK 1 ,3/1H
(1516) DO 3701 Iu1,NTBB
(1517) DO 3701 Jzt,H24
(1518) TAB(X(I,J) ZLX(I,J)
(1519) 3701 CONTINUE
t1520) CALL MOUTC (TABLXHTBB,HTBBN6O.JR,JCIRLAB,ICLAB,LI.E,KU)
(1521) 3702 IF (IRUN EQ.O) GO TO ?90
(1522) FSQFREQ(KJ)**2
(1523) IF (IRUN GT.2) GO TO 42
t1524) C SYNCHRONISM CHECK
(1525) CHECKaFREO(KJ )-SPD
(1526) CHECKCHECK*CHECK/(FSQ+SPD*SPD)
(1527) IF (CHECK.LE.I.OE-O8) GO TO 41
(1528) WRITE (KW,2000)
(1529) 2000 FORMAT (/60H SPEED-FREQUENCY DATA ARE FOUND INCONSISTENT IN SYNCHR
(1530) +25H CHECK. EXECUTION HALTED
(1531) CALL EXIT
(1532) 41 lp*'Ex m KSPD
(1533) SPEED(INDEX) x SPD
(1534) IF (IRUN.EQ.2) CENT 0 0063856*FSQ
(1535) GO TO 43
(1536) 42 INDFY - KJ
(1537) C IMPEDANCE REVISION
(1538) 43 IF(IBRG.GT.O.OR IRUN.LT.2.OR IRUN EQ 3) GO TO 441
(1539' WRITE(KW, 4224)

(1540) 4224 FORMAT('3H COMPLEX EIGENVALUE LCGIC BEING USED UNNECESSARILY FOR A
. 1541) +N UNDAMPED ROTOR //)

(1542) 441 IF(ISRG GT 0 OR LBRI, GT 0) CO TO 44
(1543) DO 600 Tm1,H2
(1544) DO 600 J-1,N22
(1545) 600 XLX(I,J)-ZLX(I,J)
(1546) GO TO 500
(1547) 44 121
(1548) KBGZO
(1549) NTEMP-sI
(1550) N8RG - 0
(1551) IREV=O
(1552 KOUHT - 1
(1553'I KBOTH a I
(1554) ITIME = 1
(1555) KORG - 0
(1556) IF (IDIAG.NE.3) GO TO 4490
(1557) URITE (KU, 170)
(1558) WRITE (KU,4410) LBRG
(1559) 4410 FORMAT (40H NUMBER OF BRGS ASSIGNED IN LEVEL I X,15)
(1560) IF (LBRG.EQ.O) GO TO 4420
(1561) WRITE (KW,4411) (K9G(IBP),IBRui,LBRG)
(1562) 4411 FORMAT (/24H BEARING STATION NUMBERS,4I15)
(1563) IOHE I i
(1564) WRITE (KU14412) (BRGST(19RIONE),IBRw1,LBRG)
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C(1565) 4412 FORMAT (25H RADIAL STIFFNESS (L8/IN),5X4IP4D1S.6)
(1544) ITVO a 2
(156?) UNITE (KVW.4413) (SRGST(IOR#ITUO).IBRuIlt.3RG)
(154) 4413 FORMAT (30N ANGULAR STIFFNESS UHN-L3/aAD.1IP4015.6)
(1569) 4420 IF (IINC.EO.O) IPRI u-1
(1570) 4490 GO TO (46.47,45 47,45)o IRUN
(1571) 45 IF (KJ.EO.1) 0O TO 47
(1572) IF (IPRI) 379.4644
(1573) 46 IF (KSPO.EQI) GO TO 47
(1074) IF (IPRI) 379,40,46
(1575) 4? IF (IPRI.EQ.-1) GO TO 3?9
(1574) UNITE (KV,1?0)
(15??) 40 URITE (KW.4610) $RPM* FREQ(KJ)
(1570) 610 FORMAT 0021H LEVEL 2 NEARING DATA119H ROTATIONAL SPEED =,1PEII.4,4
(I5?$) +N RPN#GX1IlNFREQUENCY u.EII.4.3N HZ//N #EARINC,2X*4CIH*)t6H TYPE
(1500) *.(N)2~CH)3 X2(IXSCIHS*).IX),2HXY.2(IX.8c1H*).1)2HYX,
(1531) *2(lX.31lH*)o1X.IHNYY 8(10*)/25H NO. STH RADIAL ANGULAR ,4(5X,IHK
(1532) *.ZOX.INU,5x))
(12093) 379 IF (11RG.E9.0) GO TO 3?6
(1514) C READ NEARING DATA CONTROLS
(1535) 37 REOAD(KR.11O) LO*NURG,KIRG#IREY
(136) 378 NlO=NTEMP
(153?) DO 376 JoNR04NDEND
(1503) JOR a 2*J
(1539) JOI a 402-1
(1590) C MATCH STATION NUMSER AND ACTION TYPE
(1591) DO 401 IZwt*2
(1592) DO 401 JZut.2
(1593) 401 IRGLX(IZ#JZ) a 0.0
t1594) NAG 0 Nl(j)
(1595) LIG a S)
(1596) JI 4+J1
(159?) JTYPEwLSG-2
(1593) It (KOUNT.GT.LDRG) GO TO 410
(1599) KlGZuKSG(KOUNT)
(1600) IF (M3RG.NE.KOGZ) GO TO 410
(1601) IF CJTYPE.LE.2) GO TO 406
(1602) IF (JTYPE-5) 404,403#402
(1603) 402 STYPEwJTYPE-1
(1404) 403 4TYPE4.&'-3
(1405) IF (ITIME.EG.2) ai TO~ 405
(1606) ITIMEm2
(140?) JTYPEuJTYPE-I
(1600) GO TO 406
(1609) 404 ITVPEwJTYPE-2
(1410) GO TO 404
(1611) 405 ITIMEwI
(1612) 406 DO 40? IZwuI2
(1413) IRGLXCIZ,1Z) a 3RGST(KOUllT#JTYPf)
(1614) DO 40? JZm1j2
(1415) JZ2 a 2*JZ
(1614) JZI a JZ2-1
(1417) TLX(IZ.JZI) - 0.0
(1610) 40? TLX(tZ,J22) a 0.0
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(1619) IF (JTYPE.CG.2.OR.L9G.LT.6) KOUNT*KOUNT+1
(1620) 410 IF (NBRG.HE.NBRG) GO TO 375
(1621) IF (IREY.EQO0) GO TO 411
(1622) IF (KBRC-1) 371,3?2,3?4
(1623) C ERROR MESSAGE FOR (NBRC,KORG)
(1624) 371 WRITE (KU,10) I
(1625) 10 FORMAT (lHI,?(1H*)#32H INPUT DATA IS FAULTY FOR ORG NOI34NH. CHEC
(1626) 4+34HK NORG AND KBRG AGAINST NO AND KO.,?(1H*))
(162?) GO TO 400
(1628) 372 IF (LBO.LT.3.OR.LBG.EO.4.OR.LBG.EQ.6) GO TO 371
(1629) C READ BEARING DATA
(1630) 373 READ(KR,202O) (((STIF(IONE,ITWO,I>',DAMP(IONE,ITUO,I)),1TWO
(1631) + ail,2)*IONEMa1,2)
(t632) 411 NTEMP a JI
(1633) 2020 FORNAT(0010.4)
(1634) IF (IDIAG.NE.3) 00 TO 375
(1635) IF (KBRG.EQ.2) GO TO 4802
(1636) WRITE (KW,4801) LOHBRI,;(((STIF(IONE,ITbIOI),DAMP(IONE,ITW~o,)),
(1637) +ITVO=1,2),IONE=1,2)
(1638) 4801 FORMAT (13oI4#5X,tH*o12Xo1P8D11.4)
(1639) GO TO 4804
(1640) 4802 WRITE (KW,4803) LO,N8RG,(((STIF(10NEITWiO,I),'DAfP(IONEITW0,I)),

(1642) 4803 FORM1AT (13,14,I3X(,IH*,4XIP80I1.4)
(1643) 4804 IPRI --I
(1644) GO TO 375

j,(1645) 374 IF (LOG.LT.4.OR LBG.E9.5) GO TO 371
( 1646) GO TO 373
( 164?) 375 DO 369 KI-I,2

3( 1648) L *NeEND*(Ki-1)+J
(1649) DO 369 K-1,NBEND
(1650) DO 369 K2,wi,2
(1651) M = NEND*(K2-1).K I
(1652) M2 a 2*M
(1653) Ml x M2-1
(1654) XLX(L..h1) aZLX(L,MI) [
(1655) XLX(L,t12) a ZLX(L..M2)
(1656) IF(NTEMP.NE.Ji OR K.NE J) GO TO 369
(165?) K22 x2*K2
(1658) K21 a K22-1

(1659) TLX(1,K21) -STIF(K1,K2.I)-8RGLX(K1,K2)I
(1660) TLX(KI,K22) a OMG*DAIP(KLK2.I)
(1661) XLX(L,M1l)=XLX(L.Mi)4TLX(K1,K21)
(1662) XLX<L,M2)mXLX(L,M2)+TLXkKILK22)
( 1663) 369 CONTINUE

( 1664) IF (HTEMP.HE J1.AND.MBRG.NE KBGZ) GO TO 376I
(1665) IF (IPRI NE.-I)
(1666) +CALL BRGTAB (KW,I,K8OTHNSNRG,K8RG,JTYPE,K8GZ,TLX,8RCLX,OMG)
(1667) KBOTH=KBOYH+1
(1668) IF(NTEMP.NE.JI 00 1 EQ I8RG, GO 9*O 376
(160) 1 x 1+
(1670) GO TO 3??
(1671) 376 CONTINUE

(1672) 500 CONTINUE
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(16?3) CALL ISTRP(ISOIORG.-STIF1 DANPsIRUM)
(1674) IF(IBRG.EQ.0.OR.IDIAG.ME.2) GO TO 1000
(1675) VRITE(KW,501) SPDoFREG(KJ)
(1676) 501 FORMAT(5ON1CARTESIAN IMPEDANCE MATRIX AFTER BEARING REVISION/20H
(1677) +ROTATIONAL SPEED N,1PEIIl4i3H HZ,?X,11HFREQUENCY oEII.4.3H HZ//)
(1678) DO 502 IalIt4TBB
(1079) DO 502 Ju1,1424
(1680) TABLX(IPJ) a XLX(I*J)
(1691) 502 CON4TIN4UE
(1682) CALL IIOUTC (TABLXNTD8,N4TB8,M60,JR,JCIRLABICLA,LINEKI)
(1683) C IMPEDANCE MATRIX TRANSFORMED TO ROTATING COORDINATES
(1684) C UN4DER BOTH ITYPEui AND 2
(1685) 1000 CALL ROTATE(NBEHD)
(1686) WRITE (KSAVE) SPDFREQ(KJ),((YLX(I,J),qJ=I,H22),I-ILN2)
(1687) IF(IDIAG.NE.2) GO TO 1001
(1688) WRITE (KV.. 1510)
(1689) 1510 FORMAT(41N1IMPEDANCE MATRIX IN ROTATING COORDINATESe?')
(1690) 00 503 I=1,NTBBt+
(1691) DO 503 4=1,1424
(1692) TABLX( 1, J YLX(I J)
(1693) 503 CONTINUE
(1694) CALL HOUTC (TASLXNTBB,NT88,N6O,jR,JC,IRLA8,ICLA,LIN,KWfl
(1695) 1001 IF(IRUN.EQ.5) GO TO 380
(1696) IF (IRUH.EQ.2.OR.IRUH.EQ.4) GO TO 71
(1697) CALL IGNRL(NBEND,INDEXoISO,DETERIJARN)
(16i98) GO TO 380
(1699) C RESPONSE ORBITS
(1700) 71 DO 702 Iml,142
(1701) 00 702 Ju1,N22
(1702) XI(1(,J) a YLX(IJ)
(1703) ?02 CONTINUE
(1704) CALL INVC (N2,IERR)
(1705) C NEED IERR CHECK HERE! CNTP OCT 31,1979
(1706) DO 703 Iu1,N2
( 1707) DO 703 J=1,1422
( 1708) XLX( IJ) XOU( I, J
(1709) 703 CONTINUE
(1710) C READ EXCITATION CONTROLS
(1711) IF (IRIJN.EQ.O) GO TO 380
(1712) READ (KR,11O) IFORCE1 IFDATA
(1713) If (IFDATA.EQ.0) GO TO 39
(1714) READ (KR,11O) (NFORCE(I),I1t,IFORCE)
(1715) kEAD (KR,11O) (KFORCE(I),11l,IFDRCE)
(1716) 39 NTFOwl
(1717) NF = 0
(1718> 1 m1
(1719) IF (IDIAG.NE.3) GO TO 72
(1720) WRITE(KW.390?)
(1721) 3907 FORRAT(1X,2?NEXCITATION INPUT DATA CHECKj,'lX,1.5HIFORcE, TFDiATM
(1722) WRITE (KV,110> IFORCEIFDATl
(1723) WRITE(KW,3902)
(1724) 3902 FORMAT(1X,6I4HFORCE/)
(1725) WRITE (KW,1) (NFORCE(IPRINT),IPRIIT=IIFORCE)
(1726) VRITE(KW,39O3)
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(172?) 3903 FORMAT(l1X6HKFORCE/)
(1728) WRITE (KU,110) (KFORCE(IPRINT),IPRINT=IIFORCE)
(1729) ?2 HF a NFORCE(I)
(1?30) KF a KFORCE( I)
(1731) C SEQUENCE THROUGH HALF-RANK
(1732) NFOuNTFO
(1?33) 00 00 JwNFO HBEH0
(1734) J02 a 2*J
(1735) J01 a J02-1
(1736) C IDENTIFY STATION NUMBER AND ACTION TYPE
(173?) NF a MS(J)
(1738) LF = K8(J)
(1739) J 1 J +
(1740) C MATCH STATION NUMBERS
(1741) IF (MF.NE.NF) GO TO ?
(1742) C CHECK COMPATIBILITY
(1743) IF (KF-1) 73,?4,76
(1744) C ERROR MESSAGE FOR (NFORCE,KFORCE)
(1745) ?3 WRITE (K J,11) I
(1746) 11 FORMAT (IH1,3(IH*),34H INPUT DATA IS FAULTY FOR ENTRY NO,13,
(1747) +2?H 0 EITHER NFORCE OR KFORCE.,3(1H*))
(1748) GO TO 400
(1749) ?4 IF (LF.LT.3.OR.LF.EQ.4.OR.LF.EQ.6) GO TO 73
(1750) ?5 NTFO-J1
(1751) IF (IFDATA.EQ.O) GO TO 78
(1752) C READ EXCITATION DATA
(1753) READ (KR,2020) (FLX(IONEI),IONE = 1,4)
(1754) IF (IRUN.NE.2) GO TO ?8
(1755) FLX(3,I) a 0.0
(1756) FLX(4,I) x 0.0
(1757) 78 DO 79 K1-,2
(1758) L a HBEND*(Kt-1)+J
(1759) K12 - 2*Ki
(1760) K11 a K12-1
(1761) L2 a 2*L
(1762) Li = L2-1
(1763) PLX(LI) a FLX(Kltl)
(1764) PLX(L2) - FLX(K12,I)
(1765) IF (IRUN.NE.2) GO TO 79
(1766) PLX(L1) a CENT*PLX(LI)
(1767) PLX(L2) a CENT*PLX(L2)
(1768) 79 CONTINUE
(1769) IF (I.EQ.IFORCE) GO TO 83
(1770) 1 = I+1
(1771) GO TO ?2
(1772) 76 IF (LF.LT.4.OR.LF.EQ.5) GO TO 73

1 (1773) GO TO 75
(1774) 77 PLX(JO1) a 0.0
(1775> PLX(J02) = 0.0
(1776) PLX(N2+JO1) a 0.0
(1777) PLX(N2+J02) = 0 0
(1778) 80 CONTINUE
(1779) 83 JFI=J02+1
(1780) DO 92 J=JFIN2
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( 1781) L=N2+J
( 1782) PLX( J )=0
( 1783) e 2 PLX(L)-0.O0
(1?84) IF(IPRI.Ng.-1I) CALL XCITAB(KU1 ITYPEN8END,M8,KS,PLX>
(1785) WRITE (KSAYE) (PLx(I),IwiH22)

*(1786) C COMPUTE RESPONSE VECTOR
(178?) IF(ITYPE.EQ.O) GO TO 832
(1788) C TRANSFORM FORCES FROM CARTESIAN TO ROTATING rCORD!NATES
(1789) DO 831 IKwI.NBEND
(1790) 1K2 a2*IK
(1791) 11(1 u 1K2-1
(1792) LK1 w N2+IKl
(1793) LK2 a N2+1K2
(1794) WLX(IKI) - 0.5*(PLX(IK1)-PLX(LK2))
(1795) WLX(rK2) a 0.5*(PLX(IK2)+PLX(LKI))
(1796) WLX(LKI) - O.3*(PLX( IK I )PLXkLK2)
(179?) WLX(LK2) a O.5*(PLX(1IK2)-PLX(LKI))
(1798) PLX(IKI) a WLX(IKI)
(1799) PLX(1K2) a WLX(1K2)
( 1800) PLX(LKI) a LX(LKI)
( 1801) PLX(LR2) - VLX(LK2)
(1802) 831 CONTINUE
( 1803) 832 DO e4 riN2
( 1804) 12 a 2*1
( 1805) 11v12-1
(1806) ULX(I1) =0.0
(180?) WLX(12) =0.0
( 1808) DO 84 J=1,N2
( 1809) J2 u2*J
( 1810) JI aJ2-1
(1811) WLX(I1) a XLx(r,J1)*PLX(d'>)-XLX(1,J2>*PL.X(J2)eULX(I1)
(1812) WLX(12) a XLX(I,J1).PLX(j2)eXLX(I,J2)*PLX(J1).ULX( 12)
( 1813) 84 CONTINUE
( 1814) IF (IDIRG..NE.3) GO TO 1010
( 1815) URITE(KW,3904)

*(1816) 3904 FORNAT(IX,2OHRESPONSE DIAGNOSTICS/IX,14HEXCITING F.ORCE/)
(1817) WRITE (KW,10O2) (PLX(IPRINT),IPRINTS1,N22)
(1818) WRITE(KU139W5
(1819) 3905 FORMAT(LXSO0HRESPONSE DUE TO EXCITING FORCE/)
(1820) WRITE (KV,11O2) (VLX(IPRINT),IPRINTw11 N22)
(1821) 1002 FORMAT(10E12.3/10E12.3)
(1822) 00 81 Ix1,NBB
(1023) 00 01 Js1,H24
(1824) TABLX(I,J) a XLX(I,J)
(1825) 81 CONTINUEv
(1826) CALL HOUTC (TABLXNTBB,HTBBM60,JRJC,IRLA,ICLABLINEK)
(182?) C COMPUTE ORBIT PARAMETERS
(1826) 1010 00 85 Iw1,93Et4D
(1029) 12 w 2*1
(1030) 11 - 12-1

(1632) L2 w 20L
(1633) LI a LZ-I
(1834) 05 CALL 0R8JT(ITYPE1DBIG(1) 1 SNALL(I)1 SLANT(I),PHASE(I),
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(1835) +ULX( II )iULM( 12)*VLX(L I),VLX(L2))
(1836) C WRITE PART 11 OF *YDSYN OUTPUT
(1837) IORB a 1
(1838) CALL ORBTAB(KU,NBENDM8,K98,SRPNFREQ(K4),81G,SMIALLSLANT,
(1839) +PHASEPOSITIORB)
( 1840) 380 CONTINUE
(1841) IF (MBEND.EQ.0) GO TO 400
( 1842) READ (10) (K9(I),IvloNBEND)
( 1843) IF(IRUN-3) 390,386,385
( 1844) 386 CONTIflUE
(1845) WRITECKW,382) SRPM
(1846) 382 FORMAT (451UUNDAMPEO ASYNCHRONOUS STIFFNESS DETERNI'IANTS/
(184?) +19H ROTAT10N4L SPEED ,ilPEI1.4,4H RPM.,)
(1848) IF (ISO.EQ.I. GO TO 383
(1849) WRITE (XV,387)
(1850) 38? FORMAT C/1ON FREOUEICY,?X,S(IH*),14H DETERMINANTS 7?(li*)l
(1851) +?N (HZ),12X*?NCO -ROT,9X,7NCTR-ROT)
(1852) GO TO 384
(1053) 383 WRITE (KU,388)
(1854) 388 FORMAT C/iON FRE9(UENCY,6X,11HDETERNINANT?7H (HZ) 111X1?HCOUPLED)
(1855) 384 CALL ASNTAB(KU1NFREQ,IVARN,FREQ.DETER,ISO)
(1856) C INTERPOLATION FOR ASYNCHRONOUS RES0'4ANCE
(1657) CALL ENE(SVoEPKBNFESEERQSED
(les8> + RET.XINT,IRUN,IDIACG)
(1859) CO TO 390
(1660) C STABILI'oV-fARGIN/DAMPED RESONANCE f
(1861) 385 IF (IGEN.EQ.O) GO TO 390
(1862) CALL KRAUTE(HFREQ,NBEND,KSA*.'EoKEEP,KU,iTYPE,IS0,FREQ,SPEEO,IRUN,
(1063) +TABLXPLX,ULX,BIGSMALL,SLANT,PHASE,YDIAG)
(1864) 390 CONTINUE
(1065) 399 CONTINUE
(1866) IF (IRUN.LE.O) GO TO 400
(186?) IF (IRUN-2) 391,394,400
(1868) 391 WRITE(KU.392)
(1869) 392 FORMAT(28H1CRITICAL SPEED DETERNINANTS/./16N SPEED (RPM)
(18?0) *IINDETERNINART)
(1871) CALL SYNTAB(KM,NSPD,IVARN,SPEED,DETER,ISO)
(1872) C CRITICAL SPEED AND UNBALANCE RESPONSE INTERPOLATION
(18?3) CALL ENTER(KSAEKEEPK 1 NEND.NSPIO,:SO,DETERoSPEED,FREQ,
(1874) + RET,XINToIRUNIDIAC)
(1875) GO TO 400
(18?6) C UNBALANCE RESPONSE AT RESONANCE
(18??) 394 IF (IGEN.EQ.O) GO TO 400
(46?8. KTYPE -0
(1879) CALL KRAUTE(HSPDNBEHDKSAVE1 KEEP1KU1 KTYPEISOSPEEDFRE91 IRUN,
(1890) +TABLX 1PLXULX1BIL,SMALL,SLANTPHASE1 IDIAG)
(1891) 400 CONTIN4UE
(1892) 4005 RETURN
(1683) 4010 WRITE (KUo4011)
(1694) 4011 FORMAT (SOHlINVERSION OF A SINGULAR COMPLEX MATRIX ATTEMPTED!)
(1885) GO TO 4005
(lost) END
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(188?) SUBROUTINE SPLINE(NINP,RETXINT.X,Y,ZsK IE.)
(1898) C NI RUN CONTROL - (0 OBTAIN SPLINE COEFFI.aENTS
(1889) C 0 LOOK FOR ROOTS
(1890) C 100 LOCATE WELL
(1891> C OTHERS NUMBER OF INTERPOLATION POINTS
(1892) C ON RETURN - NUMBER OF ROOTS FOUND

(1893) C NP NUMBER OF GIVEN DATA POINTS, MUST NOT EXCEED 11
(1894) C XINT X VALUES TO BE INTERPOLATED OR
(1895) C SLOPE AT ROOTS
(1896) C RET Y VALUES FROM INTERPOLATION OF GIVSEN X'S

(1897) C X VALUES OF COMPUTED ROOTS
(1898) C ARRAY SIZE MUST BE AT LEAST 11 IN THE CALLING PROGRAM
(1899) C X X DATA VALUES
(1900) C Y Y DATA VALUES
(1901) C Z SPLINE COEFFICIENTS

(1902) C KW OUTPUT DEVICE NUMBER
(1903) C IER DIAGNOSTIC CONTROL
(1904) C 0 - NO PRINTOUT
(1905) C I - PRINT ONLY ANSWERS
(1906) C 2 - FULL DIAGNOSTIC PRINTOUT
(1907) C ON RETURN - ERROiP STATUS
(1908) C 0 - NO ERRORS
(1909) C I - VALUE FOR INTERPOLATION OUT OF BOUNDS
(1910) C 2 - ITERATION ERROR
(1911) C DCB'S MODIFICATIONS ADDED MAY 23, 1979 BY CHTP
(1912) C
(1913) INTEGER 0
(1914) DIMENSION XINT(1),RET(I),X(I),Y(1),Z(3,1)
(1915) DIMENSION D(2,2),D1(2,2),D9(2,2),E(2),EI(2),E9(2),
(1916) +RI(20,2),R2( 20)
(1917) NPM x NP-I
(1918) IF (NI.NE.100) GO TO 2000
(1919) 2000 IPR=IER
(1920) IER2O
(1921) 1-0
(1922) D(1,1 )7 .
(1923) D(1,2)=O.
(1924) D(2,1)=0.
(1925) D(2,2)ul.
(1926) E(1)O.
(1927) E(2)=O.
(1928) 01(11,)u-2.
(1929) D1(2, 2)a-2.
(1930) El(2)w!.
(1931) 111 1=1+1
(1932) IFLAG-1
(1933) GO TO 720
( 1934) 120 DO 124 I111,2
(1935) DO 124 I2-1,2
(1936) D9(11,12)-0.
(1937) DO 124 13"1,2
(1938) 124 O9(I1,I2)uD9(11,I2) + DI(I1,13)*D(13,1 2)
(1939) D( 1,1 )D9 11 1)
(1940) 0I(,2)%D9(I,2)
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(1941) D(2,p)=09(2,2)
1 t942) D)( 2 , 2 )D9( 2, 2)

(1943) GO TO 710
(19440 131 IF(I.LT.MP-I) GO TO 111
(1945) YI- -(1./D(2,1))*E(2)
(1946) IF(I-O) 300,300,140
(1947) 140 12"0
(1948) HWELL=O
(1949) IF(HI.NE.100) GO TO 141
(1950) lt
(1951) TANK=I.OE+5
(1952) X1=O.O
(1953> IFLAG=5
(1954) E(1)SY1
(1955) E(2)uO.
(1956) GO TO 730
(1957) 143 12*0
(1958) IF (I.EQ.HPHI) GO TO 747
(1959) GO TO 720
(1960) 145 11 1
(1961) 81=E(2)/Y3
(1962) At=2.*E(1)/Y3
(1963) CI-91*91-AI
(1964) IF(CI.LT.O.,) GO TO 143
(1965) C2m3QRT(C1)
(1966) XQ=-RI+C2
(1967) IF(XQ.LT.O.O) GO TO 143
(1960) 146 RET(1)=X(I) XQ
(1969) IF(RET(1).GE.X I+I)) GO TO 147
(1970) T9=E(2)+Y3*XQ
(1971) IF(T9.LT.O.) GO TO 147
(1972) HWELL=1
(1973) NI=HWELL
(1974) YI=Y(I)+XQ*(E(I)+XQ*(O.5*E(2)+XQ*Y3/6.))
(1975) IF(YI-O.O) 147,147,50
(1976) 50 IF(YI.GT.TAIK.OR.RET(1).LT.X(1).OR.RET(I).GT.X(HP)) GO TO 147
(1977) TANKxYI
(1978) X1.FIET( I
(1979) GO TO 147
(1980) 74? IF(XI.LT.9(1).OR.X1.GT.X(HP)) GO TO 700
(1981) RET(I)=XI
(1982) YI-TANK
(1983) GO TO 700
(1984) 14? IF(12.EQ.2) GO TO 143
(1985) 12-2
(1986) XQ=-8I-C2
(1987) GO TO 146
(1988) 141 DO 270 INDEXwI,NI
(1989) XS=XIHT(INOEX)
(1990) 1=0
(1991) IF(XS.GE.X(1).AND.XS.LE.X(NP)) GO TO 210
(1992) IF (IPR.GT.O) WRITE (Kg,200) X(1),X(NP),INDEX,XS
(1993) 200 FORMAT (/25"$ DATA PASSING ERROR. LO= ,Et6.8,12H HIGH=
(1994) +EI6.9,SH AT -12,9HX VALUE= ,EI6.8)
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(1995) .I=
(1996) GO TO 700
(1997) 2t0 I"I+1
(1998) IF (I.EQ.IP) GO TO 220
(1999) IF (XS.GE.X(I)) GO TO 210
(2000) 220 KsI-I
(2001) luO
(2002) E(1)"Y1
(2003) E(2)=0.
(2004) 230 I=1+1
(2005) IFLAG=2
(2006) IF (I.EQ.K) GO TO 260
(2007) 

GO TO 720

(2008) 260 GO TO 730
(2009) 261 YSuY(l) (XS-X(I)>*E(1) 0.5*(XS-X(I))**2*E(2)+
(2010) +(1./6.)*(X$-X(I))*3*Y3
(2011) RET(IND.X)mYS
(2012) Z(I,I)=E(l)
(2013) Z(2,I) O. 5.*E(2)
(2014) Z(3,1)= Y3/6.
(2015) IF (IPR.GT.O) WRITE (KW,264) INDEXXSYS
k2016) 264 FORMAT (SX,13,3X,29HTNE INTERPOLRTED VALUE AT X = ,E16.8,
(2017) +44 IS ,E16.8)
(2018) 270 CONTINUE
(2019) GO TO 700
k2020 C ROOT FIHING
e2021) 300 I=O
(202^) DO 3003 IC=1,11
(2023) 3003 RET.IC)=O.0
2024) RET(I)=0,O

(2025) RET(2)=O 0
(2026) RET( 3)=0 0
2027 ?)RET(4)=O 0

(2028) RI(l,1)X(.!
2029,' R(1,2,=Y(1)

.2030) E( I )=Y1
( 2031) E(2)=0.
2032, J=I
20331 310 1=1+1

t2034 1 FL AG=3
,205) IF (I LT.NP: GO TO 730
(2036) IF (HI LT O? GO TO 700
'203) GO TO 470
2038 321 (1 1)=E( I

(2039) Z(2.I)=O 5* 2,
t. 2040 ', 2(3, I)=y3/6

(2041) IF (HI LT.O) GO TO 720
'2042 A=Y3/2
(2043) B=E(2)-X(1 )*Y3
(2044) C=E(I)-X(I)*E(2)+O 5*X(I)**2*Y3
2045 IF I SORTi( A*X(I +1 1**2 *++2 )/SRT( I *X( 1+ )**2 )**2

(2046) 4 +(' E,(I+ 1+2+C.,'.',, 0 001) GO TO 720
(2047) IF A+t )*I2 ' OPT ((;4 +2
?049' +T: : .'"2+C T2" ; 0 001> GO TO 360
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(2049) Z2u-CP
(2050) GO TO 420
(2051) 360 ZZuB**2-i.*O*C
(2052) IF(ZZ.LT.I.) GO TO ?20
(2053) ZlnuB8:3QR.Z(2Z)
(2054) V---B+SQRT'ZZ)
(2055) ZIzZ 1( 2.*A)
(2056) Z2=Z2?(2.*A)
(2057) IF (Z1.LT.X( 1).OR.Zi.GT.X(1+1)) GO TO 420

(205. Y-()(SXl)EI+.*.SX')**()
(2060) +(1./6.)*(XS-X(I))**3*Y3
(2061) IF (Rl(J,2)*YS.LE.O.O) GO TO 410
(2062) IF (J.GT.1) GO TO 420
(2063) JwO
(2064) 410 jaj +1I
(2065) RI(J,1>=Z1
(2066) R1(J,2)-YS
(2067) 420 IF (Z2.LE.X(I),OR.Z2.GT.X(I+1)) GO TO 72A1
(2068) XSxZ2
(2069) YSuY( I)+(XS-X(lI))*E( 1)40 5*( XS-X.c. ) t.t*2*E*L2 )+
(2070) 4(1./6.)*(XS-X(I))**3*Y3
(20?1) IF (l( J 2 )*YS. LE 0.) GO TO 450
(2072) IF (J.GT .1) GO TO 720
(20?3)
(20?4) 450 J-J+1

(2075)R1(J, l)=Z2
(20?6) R1(J,2)xYS
(20??) GO TO 720
(20?8) 470 IF (Rl(J 1 2)*Y(HP).GT.O. ) GO TO 480
(2079) JoJ+i
(2080) Rl(J,l)mX(4P)
(2OEf1) RI(J,2)=Y(NP)
(2082) 480 IF (IPR.LT.2) GO TO 490
(2083) DO 481 I1=1,J
(2084) 481 WRITE (Kb',482) R1( It I),Rl( It,2)
(2085) 482 FORMAT (3X,E16.8,5X 1 6.8) I
(2086) 490 0-0
(208?) IF (J.EQ.1) GO TO 532
(2088> IUPXJ-1
(2089) DO 520 Iw1,IUP
(2090) IF (PI(I1+1 1 )HE. RI(1, 1)) GO TO 510
(2091) 0-0+1
(2092) GO TO 520
(2093) 510 R(-)R1+,)R1I12*R(l,)R(,),((+,2
(2094) +-R1(I,-2))
(2095) 520 CONTINUE
(2096) IF (IPR.LE.1) GO TO 532
(209?) IUPAJ-t-0
(2098) 00 531 IiuiIUP
(2099) 531 WRITE (KW,482) R2(11)
(2100) 532 NI=J-0-1
(2101) IF (HI.LE.O) GO TO 700
(2102) DO 690 17n1,sNI
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(2103) XS-R2(I?)
(2104) OLDDX"I.OE-25
(2105) 540 100
(2106) IF (XS.GE.X(1)-AND.X$SLEX(HP)) GO TO 570
(2107) IF (IPR.GT.O) WRITE (KU,561) X(I)oXS,X(NP)
(2108) 561 FORMAT (24H ITERATION ERROR X(I)- ,E16 8,4H XS .EI6.8,?H X(HP)
(2109) +E16.8) '4
(2110) IER-2
(2111) GO TO 700
(2112) 570 I-I+1
(2113) IF (I.EQ.NP) GO TO 580
(2114) IF (XS.CE.X(I)) GO TO 570
(2115) 580 KI-I1
(2116) INO
(2117) E(1)-Y!
(2118) E(2)10
(2119) 590 1.1+1
(2120) IFLAG=4
(2121) IF (I.NE.K) GO TO 720
(2122) GO TO 730
(2123) 621 YS=Y( I )+(XS-Xt I ))*E( I )+O. 5*( XS-X( I) )**2*E( 2 )+
"2124)
(2125) StaE(i)+(XS-X(I))*E(2)+O 5*(XS-X(I))**2*Y3
(2126) 82-E(2)+(XS-X(I))*Y3

(2127) IF (ABS(Sl).LE.I OE-15) GO TO 660
(2128) x9xxS-YS/si
(2129) IF (IPR.GT.1) WRITE (KWo632) XS,Xg,YS,s$
(2130) 632 FORMAT (4(5,E16.8))
(2131) CHECKX=O O1i*ABS(OLDDX)

(2132) IF (ABS(XS-X9).LE.CHECKX) GO TO 660
(2133) C ADDITION (DCB)
(2134) IF(X9.GE.RI(17,1)) GOTO 633
(2135) XS=RI(17,1)
(2136) GOTO 540
(2137) 633 IF(X9.LE.RI(I?+1.I)1 GOTO 634
'(2138) XS=Rt (?+1,1)
(2139) GOTO 540
(2140) C END ADDITION (DCB)
(2141) 634 OLDDX=XS-X9
(2142) Y9gYS+S*(X9-XS)+(S2,2, )*(X9-XS*2+('3 .*X9-S)*
(2143) XS=XS-YS*( Xg-Xs )/(Yg-YS)
(2144) GO TO 540
(2145) 660 RET(I?1)=XS
(2146) XINT( I7)=S1
(2147) IF (IPR.GT.O) WRITE (KW,680) IT,XSS1
(2148) 680 FORMAT (SX,13H ROOT NUMBER ,12,4H AT .E16 8.9H SLOPE = E16.,c"
(2149) 690 CONTINUE

(2150) 700 CONTINUE
(2151) RETURN
(2152) C MAT E9=DI*E AND MAT E=E9+Ei
(2153) 710 DO 714 11=1,2
(2154) E9(I1)=O.O
(2155) DO 714 12"1,2
(2156) 714 E9( 11 )=E9( II )+D1( 1 1, 12 )*E( 12
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(215?) E( I)-E9( I)+E I(1I)
(2150) E( 2 )*E9(2)+E1(2 )
(2159) GO TO C131.230,310o590#720),IPLAG
(2160) C SUBROUTINE *2
(2161) 720 VlLwXCI +1I)-X( I
(2162) O ( 1,2)w -. 5eYAL
(2163) D1 (2,1 )a-6. /VAL
(2164) El ( I)a-D1( 1, 2
(2165) E1(2)m1.O
(2166) 00 726 Ilul*2
(216?) 726 (I)E()(.*YI)-()/L*2
(2166) GO TO (12O*?1O4?1O4?10o41O),FLAG
(2169) C SUBROUTINE *3
(2170) 728 IaI+1
(2171) 730 YALaX(1+1)-X( 1)
(2172) Y3=(Y(1+1)-Y( 1))-VAL*E(1)-O..5*VAL**2*E(2)
(21?3) Y3*6.*Y3/VAL**3
(2t?4) GO TO (131,26t,321*621*143),IFLAC
(21?5) END
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(2176, SUBROUTINE PINVC(ID,,KWN,NANBI$,IROT,TAeLX.JDIAG)
(21??) C TABLX INPUT COMPLEX MATRIX
(21?8) C REPLACED BY ITS INVERSE UPON RETURN
(21?9) C 10 0 CALr.ULATE DETERMINANT DLX ONLY
(2180) C 1 PERFORM INVERSION AND CALCULATE DE1ERMINANT
(2181) C
(2182) C AO 6o Al B1
(2183) C TABLX " INV(TABLX) u
(2184) C CO DO C D D1
(2185) C
(2186) COMMOH/BAT/XLX(60,120),YLX(60,120) ZLX 60, 120),
(2187) +XNALF(20,40),YHALF(20,40),ZHALF(20,40),QHALF(20,40)
(2188) COMMON/BINV/XIN(60o122),XOU(6O.122 ,DLX( 2, IROid(61), ICOL(61)
(2189) DIMENSIOM TABLX(60,1)
(2190) DIMENSION SUMX(2)
(2191) Iu=O
(2192) N2 = 2*N
(2193) M60=60
(2194) M20=20
(2195) JR-I
(2196) LINE=O
(2197) IF (JDIAG.NE.5) GO TO 105
(2198) DO 100 Izl,N2
(2199) IROW(I) = I
(2200) ICOL(I) = I
(2201) 100 CONTINUE
(2202) URITE(KV,98?6)
(2203) 9876 FORMAT(//1?H SUBROUTINE PIHVC//)
(2204) CALL MOUTC(TABLX,N2,N2,M60,JR, IR,IROW,ICOL,LINE,KW)
(2205) 105 DO 160 La 1,2
(2206) IF (ID - 1) 110,130, 190
(2207) 110 IF (IS .EQ. 1) GO TO 130
(2208) IF (IROT .NE. L) GO TO 160
(2209) 130 NBx (L-I)*N
(2210) M82 = 2*MB
(2211) IBx (2-L)*N
(2212) 1B2 a 2*18
(2213) C FOR L = 1 2
(2214) C SE7 UP AO DO
(2215) DO 140 In 1,N
(2216) 10a I+MB
(2217) DO 140 J= 1,N2
(2218) JO= J+MB2
(2219) XIN(I,J)= TABLX(IO,JO)
(2220) 140 CONTINUE
(2221) C FOR L = 1 2
(2222) C INVERT AO DO
(2223) IF(JDIAG.EQ.5) CALL MOUTC(XINN,H,M60,JR,JR,IROU,ICOL,LINE,KW)
(2224) CALL INVC(N, IERR)
(2225) DRE a DLX(1)

v (2226) DIN - DLX(2)
(2227) IF (JDIAG.NE.5) GO TO 1405
(2228) DO 1402 llN2
(2229) IROfd(I) a I
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(2230) ICOL(; - I
(2231) 1402 CONTINUE
(2232) CALL NOUTC(XOU.,NdH4 N6O,JR,JRIROU,ICOL,LINE,KV)
(2233) VRITE(KV.,1100)DLX( I),DLX(2)
(2234) 1100 FORMAT(13H 0ETERflINANT=,IPE13.6,IH,,1PE13 6)
(2235) C FOR L a 1 2
(2236) C STORE INV(AO) INV(DO)
(2237) 1405 00 1410 Il,HN
(2238) DO 1410 Jul,N2
(2239) YHALF(I,J) a XOU(I,J)
(2240) 1410 CONTINUE
(2241) IF (IS .EQ.1) GO TO 145
(2242) IF (IERR.NE.O) VISTE(KV,1O00)
(2243) C FOR L a 1 2
(2244) C STORE Al D1 FOR ISOTROPIC CASE
f2245) 00 142 ImlN
(2246) IO=I NB
(2247) DO 142 J=lN2
(2249) JO-J+MB2
(2249) 142 TABLX(IO,JO)=YHALF(I,J)
(2250) IF(JDIAG.EO 5) CALL MOUTC(YHLF,,N,20,,JRo)R.IROWICOL,LINE,KW) K
(2251) GO TO 160
(2252) C FOR L a 1 2
(2253) C NULL TEST OF DET(AO) DET(DO)
(P254) 145 IF (IERR .EO. 0) GO TO 150
(2255) IF (L EQ. 1) IW-t
(2256) IF (L.EO.I.OR.IV.EQ.O) GO TO 160
(225?) WRITE (K, 1000)
(2258) 1000 FORMAT (1N1,45H ILL-CONDITIONED MATRIX ENCOUNTERED IN PINVC 5
(2259) CALL EXIT
(2260) C FOR L a 1 2
(2261) C SET UP COso SO, CO
(2262) 150 DO 170 I= 1,N
(2263) IOU I+IB
(2264) 1it1+mB
(2265) DO 170 J=l N2
(2266) JO= J+182
(2267) 4J= J+N82r
(2268) XHALF(I,J)=TABLX(I0,J5)
(2269) 170 ZHALF(I,J)=TABLX(I1,JO)
(2270) IF (JDIAG.NE.5) GO TO 1710
(2271) CALL NOUTC(HALF,NNN20,JRJRIROW,ICOL,LINEKW)
(2272) CALL MOUTC(ZHALFN,NM2OJR, .JR,IROW,ICOLLINEkU )

"(22?3) C FOR L = I 2

(2274) C CALC CO*INV(AO) BO*INV(D0)
(2275) 1710 DO 171 I=t,N
(2276) DO 171 J=1,N
(22?7) J2 = 2*J
(2278) J1 = J2-1
(2279) SUNX(1. = 0 0
(2280) SUMX(2) = 0.0
(2281) DO 169 K=t,N
(2282) K2 = 2*K
(2283) Ki = K2-1
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V-(2294) SUMX(1) m SUNX(1>.XNALF(I,K1'.*YNALF((,J1)-XHALF(1,K2*.YALFIClj2)
(2285) SUMX(2) a SUNX(2).XHALFPI,K1 jtYHR4LF(K,J2)+XHALF LK2 ,*YNILF'K 11,
(2286) 169 CONTINUE
(228?) QHALF(1.J1) a SUMM()
(2209) QHALF(J2) a SUMX(2)
(2289) 171 CONTINUE
(2290) tF(J0IAG.E2.3) CALL MOUTC(QHALFNN,M2OJ *JRIROU4 ICOL.L INE,/4I
(2291) C FOR L x 1 2
(2292) C CALC ObsC1 18
(2293) DO 172 I=1,N

K-(2294) IO10.1.1
(2295) 00 172 J41.N
(2296) J2 a 2*4
(229?) J1 a J2-1

(2298) SUmX(1) a 0.0I.(2299) SIJMX(2) u 0.0
(2300) J02 - J2+182
(2301) 401 a J02-1
(2302) DO 169s K-ld
(2303) K2 a 2*K
(2304) 1(1 a K(2-1
(2305) SUMX(1) a SUXI+HL(IK)ZAFK,1)QAFIK, AFI,2
(2306) SIJNX(2) at SUMX(2)+QMALF( I K I *ZH ALF( K, J2 s+OALr' IK2 -AZ Ho41. F- K, I
(230?) 168 CONTINUE
(2309) XIN(1541 ) - TA8LX( IO,JO1)-SUWX1)
(2309) XIN(I,J2) a TABLX(10,J02)-SUMX(2)
(2310) 17? CONTINUE
(2311) IF(JDIAG.EQ.5) CALL MOI(I,,NM0J RIRODl,ICOL LiIIE KU,
(2312) CALL INYC(NAIERR)
(2313) D1 DRE*DLX(1I)-D IM*DLX( 2
(2314) D I mD R E *DL X (2 ) +D0IM*DL X (I
(2315) DR EmDI
(2316) IF (JDIAGNE.5) GO TO 41720
(2317) DO 1725 I1,NH2
(2318) IROW(l) a I
(2319) ICOLMI a 1
(2320) 1725 CONTINUE
(2321) CALL HOUTC(X0U..N.NM60,JR,JR,IROUICLLIHE kU?
(2322) VRITE(KW,1100)DLX( 1),DLX(2)
(2323) 1?20 IF (ID.EQ.0) GO TO 190
(2324) DO 173 Ix1 1N
(2325) DO 173 J*l,N2
(2326) ZHALF(114) a XOU(IJ)
(2327) 173 CONTINUE
(2328) IF(JDIAG.EQ.5) CALL MOUTC(ZNALF,N,Nl20,J,JRIR~OWUACOL,LINEKWh
(2329) DO 100 1. lN
(2330) low 1+19
(2331) 11x 14MB
(2332) DO 180 4. I'm
(.2333) J2 a 2*4 I
(2334) 41 x J2-1
(2335) 402 a J2+102
(2336) 401 a J02-1r
(2337) 412 a J2+fl92
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(2336) J11 J1i2-1
(2339) TABLX(IO.JOI) a ZNALFU1.JI)
(2340) TABLX(lOoJO2) a ZI4ALF(!,J2)
(2341) XHALF(I,J1) a 0.0
(2342) XNAMI#41~2) a 0.0
(2343) 0O 1?5 Ka 1,NH
(2344) K2 a 2*K
(23-f) KI a K2-1
(2346) XtALF(IJl) a XNALF(I,J1)-ZI4ALF(l1k1)*QHALF(KJ1)eZI4ALV(I,k2)
(234?) + *QNALF(K1 J2)
(2340) XIALF(IPJ2) - XHALFfI,J2)-ZHALF(1,K1)*QNALF(K,J2)-ZNALF(IK2)
(2349) + *QHALF(K*J1 )
(2350) 175 CONTINUE
(2351) TA6LX(IOoJli) a XHALF(1,Jl)
(2352) TABLX(I0,412) - XHALF(IiJ2)
(2353) 180 CONTINUE
(2354) C FOR L =1 2
(2355) C STORE Al Dl
(2356) IF( JDIAG .EQ. 5) CALL MOUTC(XMALFNH,t120,JRJR. IR0V,ICOL1 LItlE,KV)
(235?) 00 181 1-1,N
(2350) 11=1+me
(2359) 0O 181 Jv1,N2
(2360) JO=J+182
(2361) 181 QHALF(IJ)zTA9LX(I1,JO)
(2362) IF( JDIAG .EQ.5) CALL MOUTC(QHALF,N.N,M2OJR,JR4IROWICL,LINE,CU)
(2363) DO 182 1=1,N
(2364) DO 182 Jw1,N
(2365) J2 2.4
(2366) 41 J' 2-1

V(2367) SUtIX(1) a 0.0
(2368) SUMX(2) - 0.0
(2369) DO 183 Kah*N
(2370) K2 v 2*K
(23?1) K) z K2-1
(2372) SUMX((1) a SUMX()#OHAL(IKI)*XNALFK,Jl)-QHALF(I,K2)*XHALF(K,42)
(2373) SUM.((2) a SUNIX(2)4QNALF(I,KI)*XHAL(K,J2>+Q14ALF(,t12)*XHALF(K..jI)
(2370) 183 CONTINUE
(2375) ZHALF(1,Jl) m -SUMX(i)
(2376) ZHALF(r,J2) a-SUMX(2)
(2377) IF ( I.HE.J> GO TO 182
(2378) ZNALF(I,41) a 1.O-SUNX(1)
(2379> 182 COHTINUE
(2380) IF' JIAG.EQ.5) CALL MOUTC(ZHALF,H.N,M2,JR,4RIROOICOLLINEKW)
f?381) C FOR L a2
(2382) C CALC IHV(AO) INV(DO)
(2383) DO 184 ImlN
(2384) I01l+l
(2385) ?O184 4=1,N
(2386) .2a2*j
(2387) 41 J 2-1
(2388) J02 x J2+MB2
(41389) J01 w J02-1
(23qQ SUmX(l) a 0.0
(2391) SLJM(2) a 0.0
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(2392) DO 185 KulN
(2393) K2 a 4*
(2394) Ki a K(2-1
(2395) SUNX(1) - SUNX(1)*YIALF(I,K1)*ZNALF(KJ1)-YHALFPU,K2)*ZNALF(KJ2)
(2396) SUMX(2) a SUNX(2)*YNALF(I,KI)*ZNALF(K..42)+YHALF(I,K2)*ZHALF(K,j1 )
(239?) 185 CONTINUE
(2398) TABLX(101J01) a SUMX(1)
(2399) TABLX(10,J02) a SUNX(2)
(2400) 184 CONTINUE
(2401) C FOR L a 12

5:(2402) C STORE 81 CI
(2403) DO 1S6 IsAl,
(2404) It a 14Me
(2405'k D0 186 Jw11N
(2406) J2 z 2*J
(2407) J1 a J2-1
(2408) XHALF(I,J1) 0.0
(2409) XHALF(1,J2) a0.0

(2410) J82 - J2+182
(2411) JBI a J92-1
(2412) DO 186 K-1,H
(2413) 1<1 a K+19
(2414) K2 a 2*1(1
(2415) KI a K2-1
(2416) XHALF(I,JI ) *XHALF(IJI)+rRBLX(I11K1)*TA8LX(KI,.)91)-TABLX(11K2)
(241?) +*TABLX(KI ,J82)
(2418) XNALF(IJ2) =XHALF(IJ2+TALX(1K)*TALX(KIB2)TALX(I11,K2)
(2419) + *TABLYX K!,JBI)
(2420) 186 CONTINUE
(2421) IF(J0IAG.rQ.S) CALL MOT(HL,,N OJRIROW, ICOL,LIHEKW)
(2422) DO :89 I=1,N
(2423) DO 180 Jm1,N
(2424) J2 = 2*J
(2425) dl a J2-1
(2426) SUtIX(1I) a 0 0
(2427) StJMX(2) w 0.0
(2428) DO 189 Km1,N
(2429) K2 - 2*K
(2430) 11 - K2-1
(2431) SUMX(l) a SUMX(1)-YHALF(LK1)*XHjALF(KJ1)+YNALFklK2)*XHALF(K,J2)
(2432) SUMX(2) * SUNX(2)-YNALF(T,K1)*XNPLFdG4J2N-YHALF(I,K2)*X4ALF(K,Jl)
(2433) 189 CONTINUE
(2434) TABLX(I+NS,j1.182) x SUNx(1)
(2435) TABUX((+NB,J2+1B2) =SUMX(2)
(2436) 188 CONTINUE
(2437) IF (ID.EQ.1) 00 TO 190
(2438) 160 CONTINUE
(2439) 190 DLX(l) a ORE

7,244U) DL X( 2) aDIM
(2441) IF (JDIAG.NE .3) GO TO 200
(2442) CALL MOT(ALo2N^M0JRJPWIOIEK)
(2443) WRITE(KV1 11OO)DLX( 1),DLX(2)
(2444) 200 RETURN
(2445) END
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(2446) SUBROUTINE NEADI
(244?)1 INTEGER TITLE(16)
(2448) COMMON/CHEADI/TITLE Li, L2,L3,L4, L5, LIST/UR/-KWA(R
(2449) WRITE(KUol) TITLE1 L1,L21 L3,L5
(2450) 1 FORMAT (lN1 1 T41 16A4//T1O,14HSHAFT SEGHENTS,T38,111w,T40.!5/)TIQ,
(2451) +15HSHAFT MAEIL,3,H,40I/I.5L4E INERTIA
(le452) *8ISTATIONSsT38,1H8,T4O115/
(2453) +TlO,8I4EARINGS,T38,AH=,T4O,I5)
(2454) RETURN
(2455) END

33
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(2456) SUBROUTINE STAT(J,K)
(2457) CONNON/ATEST1s( ?5),82c?5), 8375 ). 4( 75),85 ?5 ),86(?5)(2450) COMION/ATEST2/UO(80,

4 )(2459) COHMON4'CSTAT/X( ?3),Z(?6)
(2460O) DIMENSION D(4)
(2461) KPJ-K-j
(2462) KPIOK41
(2463) 00 1 L*1,4
(2464) D(L)xUO(K.,L)
(2465) IF(L.GE-3) D(L)*O(L)*B2(KMJ)
(2466) 1 UO( KPi, L )D( L
(246?) C q(2468) DO 4 Lul1 4(469) CuC*XCKftJ)/L

(2470)IF (L.EQ.4) GO TO 4(471) LL1 = 4-L
(472) DO 3 11l,LLI
(473) IP1uI+L
(474) 3 UO(KP~II)OUO(KP1,.II),D(L)*C

(24?5) 4 UO( KP 1,L)=U( KP, L )8(Kh)*C
(24?6) DO 5 L=3,4
(24??) 5 UO (K P IL )UO(K P I.L )/2(KM J(2478) RETURN
(2479) END
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(2480) SUBROUTINE STEP (K,ISIER)
(2481) INTEGER TITLE(16)(2482) COHMON/ATEST/81(75),8

2 (75),83(7?),8 4 (5 ),85(75),86(75)(2483) COMPON/ATEST3/VO(80,8),A
5 (8 0 ,8,4)(2484) COMNON9'BSTEP/D5(4,

2 )(2485) CONMON/CSTAT/X( ?5 ),7(76)
(2486) COMNON/A!0W'S4(4),A6(

4 ,6 )(2487) COMNON/ABRG/?S(4,2),T5(
4 ,2)(2488) COMNON.CHEADI/TITLE, Li L2.,L3,L4.. LS, LIST/I'RI<W, KR(2489) COMNON/ASTEP/J4,LB,MS,NS(

4 )(2490) DINENSION D(4)
(2491) K I K
(2492) KK w K-J4
(2493) KP x K+!
(2494) DO 50 1=1,2
(2495) 13 -
(2496) 12 = 2*13
(2497) 14 = 2*12
(2498) 13 - 3*13
(2499) DO 40 M=1,3
(2500) MM = M+12-1
(2501 DO 3 IL=I,4
(2502) LL a IL+14
(2503) IF (M-2) 1,2,2
(2504) 1 D(IL) a VO(KI, LL
(2505) GO TO 3(2506) 2 D(IL) = A5(K,LL,NN)
(250?) 3 CONTINUE
(2508) IF (IS-2) 10,20,30
(2509) 10 DO 11 IL=3,4
(2510) 11 D(IL) x D(IL)*B2(KK)
(2511) CALL TRANS (D,KK)(2512) IF (M.EQ.I.AND.I.EQ.1) CALL UT (D,KK)(2513) DO 14 IL=1,4(2514) IF (IL.GE.3) D(IL) D D(IL)/B2(KK)
(2515) LL a IL+14
(2516) IF (M-2) 12,13,13
(2517) 12 VO(KP,LL) = D(IL)
(2518) GO TO 14
(2519) 13 A5(KP,LL,MM) • D(IL)
(2520) 14 CONTINUE
(2521) GO TO 40
(2522) 20 JJ = P+3
(2523) CALL HINGE (D,JJ)
(2524) GO TO 40
(2525) 30 CALL BEAR (D,I)
(2526) IF (M .EQ .I) D(l)
(2527) DO 33 IL=i,4
(2528) LL = IL+14(2529) IF (M-2) 31,32,32
(2530) 31 VO(KLL) a D(IL)
(2531) GO TO 33
(2532) 32 A5(K,LL,NN) • D(IL)
(2533) 33 CONTINUE
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(2534) 40 CONTINUE
(2535) IF (IS-2) 50,41,50
(2536) 41 131 * 13+1
(2537> 132 = 13+2
(2538) 133 - 13+3
(2539) AAA z A6(,)4,,32)
(2540) IF (AAA.EO.O) GO TO 7.
(2541) A6(J4,131) a -A6(4, 1I31"VAAA
(2542) A6(J4,132) a -A6(J4,I33)/AAA
(2543) A6(J4,1 33) = 54(J4)/AAA
(2544) 121 a 12+1
(2545) 122 - 12+2
(2546) DO 42 IL=l,4
(254?) LL = IL+14
(2548) IF (IL.EQ.3) GO TO 42
(2549) AS(KPLL,122) = A5(K,LL,121 )*A6(J4, I32)+A5eK,LLI22;
(2550) A5(KPLL,121) = AS(K,LL,121)*l6(J4,133)
(2551) VO(KP,LL) = VO(K1,LL)+A5(',LL,I21)*A6(%j4 131)
(2552) 42 CONTINUE
(2553) 143 a 14+3
(2554) AS(KP.I43, 121) = 0
(2555) AS(KP,1 43, I22) = I
(2556) 50 CONTINUE
(2557) IF (IS.HE 3.OR LB EQ.LS) GO TO 60
(2558) LB a LB+l
(2559) M5 a NS(LS)
(2560) 60 RETURN
(2561) 70 WRITE (KW, 71) J4
(2562) 71 FORMAT (/22H FREE COUPLING AT NODE,13,19H SHOULD BE PRE(EED
(2563) +14H BY A BEARING.)
(2564) IER • I
(2565) GOTO 60
(2566) END

7I
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(2567) SUBROUTINE BEAR (A,K)
(2568) COHMON/BSTEP/DS(4,2)
(2569) COtHMONABRGeS5(4,2),T5(4,2)
(2570) COPIMON/ASTEP/J4,LB,MIN5(4)
(2571) DIMENSION A(4),BB(2)
(2572) 889() a -S5(LB,K)
(2573) 88(2) a TS(LBK)
(25?4) DO 1 1-1,2
(25?5) J = 5-I
(2576) 1 A(I) = A(I)+BB(I)*A(J)
(25?7) RETURN
(25?8) END

I
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(25?9) FUNC.i~t KFCN(N. 11)
(2580) KFCN a N*(K- 1)+1
(2581) RETURN
(2582) END
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(2503) SUBROUTINE JFCN (J,14)
(2504) COMMON/IHINN1<5)*N12c5)
(2565) COMNON/ASTEP/J4,LBN5JN5(4)
(2586) J4 a J-1
(258?) N a NI(j)
(2580) RETURN
(2589) END
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(2590) SUBROUTINE MFCN (JiNtI)
(2591) COMNOH/IHIH/N1(5),N2(5)
(2592) N a N2(J)
(2593) " = H+1
(2594) RETURN
(2595) END
PROGRAM SIZE: PROCEDURE -000020 LINKAGE -0000222 STACK~ 000024
0000 ERRORS (NFCH >FTN-REY15.33
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(2596)SUBROUTINE STACK (I.J.K1N..I1,KtK2)
(259?) DIMENSION N(4),Ki(5),K2(5)
(2598) 1a-I
(2399) IF (hl.GT.,O) GO TO 3
(2600) KIMI v
(2601) IF (K.CT.O) GO TO 2
(2602) 1 K2(I) a J.K
(2603) GO TO 4
(2604) 2 K2(I) a N(I)+11-1
(2605) GO TO 4
(2606) 3 KI(I1) a N(11)+hI
(260?) IF (K.CT.I1) GO TO 2
(2608) GO TO I
(2609) 4 RETURN
(2610) END

44
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(2611) SUBROUTINE TRANS (AKK)
(2612) COMMfON/CSTAt/X(73)*Z(76)
(2613) DIMEN4SION4 A(4),C(3)
(2614) X1 a X( KK)
(2615) XX u 1
(2616) DO 1 Nal,.3
(2617) xx XX*X1/m
(2618) 1 G() M XX
(2619) DO 3 1-l,3
(2620) K 5-
(2621) MR " -I
(2622) DO 2 tJulohN
(2623) K a N-j
(2624) 8 G(J)*A(K)
(2625) 2 A(M) a A(N)+B
(2626) 3 CONTINUE
(262?) RETURN
(2628) END

EI.
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(2629) SUBROUTINE WT (011(K)
(2630) CONNON/ATEST1/91(?5),!)2(?S),e3(?5),e4(75),95(75),B6(? 5)
(2631) COMMNNiCSTAIYX(75),Z(?6)
(2632) DIMENSION 0(4)
(2633) 00 a B1(KK)
(2634) Xl I o X(KK)
(2135) DO 1 Iul#4
(2636) of)3 *X/
(263?) 1 D( I O (I)-SB
(2638) RETURN
(2639) END

A

IA

I T
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(2640) SUBROUTINE HINGE (A.JJ)
(2641) COMMON/ACOU/S4(4),A6(4,6)
(2642) COhMON/ASTEPp/I4,LB~fl5,N5(4)
(2643) DIMENSION A(4)
(2644) A6(J4,JJ) -A(2).S4(J4)*A(3)
(2645) RETURN

(2646) END

I6
S

igci
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(2647) SUBROUTINE TORS (K,D)
(2648) INTEGER TITLE(16)
(2649) COMH0N/AVH/F, FF,)(8(4,2 )..F1FF1 ,SS
(2650) COflNN/ATESTI/81(75),962(75) 1B3(75)1B4(?5)195(?5),86(?5)
(2651) CONMOt4/CSTAT/X(75),Z(76)
(2652) COMMON/ASTEP/J4,L9,M5oN5(4)
(2653) C0NNMt4/CHiAD1/TITLEL1,L2,L3,L41 L5LIST/WR/KbI(R
(2654) DIMENSION D(2)
(2655) KK*K-J4
(2656) 10 CC = FF*B4(KK)
(2657) AA z OS(KK)*CC
(2658) D(1)=D(1)/AA
(2659) CALL TWIST(D.KK,CC)
(2660) D(1) m * )A
(2661) 30 RETURN
(2662) END
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(2663) SUBROU I HE TVIST(D,K,C)
(2664) INTEGER TITLE(16)
(2665) CON ONCTAT/X( ?5 )Z(76
(2666) COflONMCEADI/TITLEL1.L2,L3,L4,L51LST/VR/KVKR
(266?) DIMENSION D(2)
(2668) CISC*X(K)
(2669) A aCOS(C1)
(26?0) 8 SIH(c1)
(2671) &uA*D(1)-8*D(2)
(2672) D(2)nB*D(1)+A*0(2)
(2603) D(1)*E
(2674) RETURN
(2675) END

30



Ell~- ~ -

(26?6) SUBROUTINE BEND
(26?? INTEGER TITLE(16)
(2678) COHNON/AVH/FFFKS(4,2>),FI,FFI 55
(2679) CONNON/ATESTI/91(?5),92(?5)1 93(75 ),B4(?5),95(?5),86( 75)
(2680) COMMON/ATEST2/UO(80*4)
(2681) COMMON/CSTAT/X(?5),Z(?6)
(2682) CONNON/AEND/U(SO*2),ZN(?6),ZK(20).FFRT
(2683) CONNON/ CNEADI/TITLEL1.,L2,L31 L4,L5,LISTUR/KU,KR
(2684) DO 1 Lu11 L1
(2685) 99 - FFRT*83(L)*X(L)
(2686) Cs a COS(BB)
(2687) SN a 8114(88)
(2686) XN - EXP(B8)
(2689) XO a I.O/XH
(2690) CII - O.5*(XH+XD)
(2691) SN - C14-XO
(2692) UO(L~l) a 0.5*(CS+CM)
(2693) UO(L,2) a 0.5*( SN-SN)
(2694) UO(L,3) u UO(L,1>-CS
(2695) 1 UO(Ls4) -UO(L,2) SN
(2696) RETURN
(2697) END
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(2698) SUBROUTINE MODE
(2699) COMMON/AENO/U(8O,2),ZN(76)oZ(20),FFRT
(2700) COMMON/'ABEN0/LiPiLP1,1 8,13
(2701) Most
(2702) AmZN( I)*ZN( I)
(2703) DO 1 1=2,LIP
(2704) BNZN(I)*ZM(I )
(2705) IF(A.GE.B) GO TO I

(2709)1 CONINUE
(2709) A - A/ZM(MO)
(2710) DO 2 IwlLlP
(2711) 2 ZM( I)mZN(I)/A
(2712) RETURN
(2713) END

306



(2714) SUBROUTINE COUP 01ll,B)(2715) COMMON/AVJB8/AA5(80
18,4 )(2716) COMMN/A,'COU/S4(4),A(

4,6 )(271?) COMMONASTEP/J4,LBNSNS(
4 )(2718) DIMENSION 0(9,4 8g(4,4~(2719) DO I K=1,8

(2720) DO I KI=11 4(2721) 1 DK1) AAS(IK,K1)
(2722) DO 5 Kua,
(2723) DO 5 KI-1,4
(2724) IF (K.NE 3.AND K.NE.?> GO TO 3(2725) KK = 2*K1.l
(2726) IF (K.EQ.KK5) GO TO 2(272?) AA5tN1,K,K1) a 0.0
(2728) GOTO 5
(2729) 2 AAS(M1 1 K,KI) 1.
(2730) GO TO 5
(2731) 3 DO 4 K2-1,2
(2732) KK a 2*5(2-1(2733) 4 AA5011,K,5(1 ) *A 5(NlKIKl>+D(K KK)*8(K2 5(1,(2734) 5 CONTINUE
(2735) RETURN
(2736) END
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(273?> SUBROUTINE COUPI UI,L,R,8)
~2738>COPMON/AYIBAA5(80,8,

4 )(2739) COMPIONf'ACOU/S4(4),A6(
4 ,6 )

'2740) DIMENSION A422,()C2,A2
(2741) C(1) - -B(2)-S4'(L)*0c3)

(2742) C(2) a -B(6)-$4(L)*8(7)
(2743) DO I 1:1,2
(2?44) AA( I)
(2745) DO I Ju1,2
(2746) 1 AA(I) - AA(I)eA(L,I,J)*C(J)
(274?) DO 2 Iv.,9
(2748) DO 2 J-1,2
(2749) K z 2*J-1I
(2750) 2 8() 1=(I)A3MIK)A(
(2751) RETURN
(2752) END

Ft
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(2753) SUBROUTINE LUMP (A,BIgoC, D,SSB
(2754) DIMENSION 83(8)
(2755) 00 1 I(u1,2
(2756) 1(1 a KFCN(4.K1)
(275?) K2 a KFCN(4*,2)
(2758) K3 a KFCN(4,K,3)
(2759) 94 4 KFCN(4,K#4)
(2760) 8B(KI) a BD(KI)*A.33(K4)+8.8B(K3)
(2761) AA a
(2762) IF (K.EQ.2) AA a -AA
(2763) 1 98(1(2) -BO(K2)-8*9(14).(AA-C)*B(1(3)
(2764) RETURN
(2765) END
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(2766) SUBROUTINE LUMPI (W.YT,P,F,G~,A,C,D)
(2?7) A w G*U/396.4
(2768) 0 n A*Y
(2769) C a B*Y+G*T
(2770) D a F*P
(2??1) RETURN
(2772) END
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(27?3) SUBROUTINE LIMP ,A3
(2774) COMMOt4,AI/AAS(80#8,4)
(2775) COMMON/'ACOU/S4(4),gA6(4,6)
(27?6) COMMONt'ASTEP/4LB,l5,N('4)
(27??) DIMENSION A(4,4),8(4,4)
(2778) DO 2 Ial,2
(2779) K w KFCN(4,I.2)
(2780) L u K+1
(2781) DO 2 J=1,2
(2782) J2= 2*J
(2783) J1 = J2-1
(2784) B(11 J2) a -AA5'2,L,J2)-S4(J4)*AAS(M,J2)
(2785) IF (IEO.J ) GO TO 1
(2796) B(I.J1) a 0
(2787) GOTO 2
(2788) 1 B(Id1> a S4(J4)
(2789) 2 A(IJ) a AA5(M,K,J1)+S4(J4)*AA5(M,L,J1)
(2790) KA a 2I(2791) K8 x 4
(2792) IMAX a 4
(2793) CALL fAXIV(A,KA..9,K8,DETERM,1MAX)
(2794) RETURN
(2795) END
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(2796) SUBROUTINE FLEX (KF,E)
(2797) COMM10 /ATESTI/B1l?5),2(?5),B3(?5),B4(?3),85(?SIB6(75)
(2798) DIIIENSION E(4)
(2799) 8 a F*B3(K)
(2800) E(1) -1
(2801) DO 2 Im2,4
(2802) J I"1
(2803) A a E(J)
(2804) IF (J-2) 2,1,2
(2805) 1 A a A*82(K)
(2806) 2 E(I) a A*
(280?) RETURN
(2808) END
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(2009) SUBROUTINE CFLEX (K*9,E)( 2810O) COMlNONATEST2/UO(00, 4)
(2811) DIMENSION D(4),E(4)*B(8),F(8)
(2812) 00 1 Iut,4
(2813) 1 0(1) a UO(K,1)
(2914) DO 5 J=1,4
(2815) DO 3 Lul,2
(2816) 1 " KFCN(4,LJ)
(281?) A 0
(2818) O0 2 Na1,4
(2819) N - KFCN(4,LN)
(2820) 2 A a A*O(N,*E(N)*8(N)
(2921) 3 F(I) a A/E(J)
(2822) IF (J.EQ.4) GO TO 5
(2823) A a D(4)
(2824) DO 4 N,,1,3
(2825) L a 5-N
(2826) 1 a L-1
(2827) 4 D(L) - 0(I)
(2828) D(1) - A
(2029) 5 CONTINUE
(2830) D0 6 I1,8
(2831) 6 8(I) 1 F()
(2832) RETURN
(2833 ) END
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(2035) C
(2936) C MATRIX INVERSION AND SOLUTION OF SIMlULTANEOUS LINEAR EQUATIONS
(2837) C OF THE FORM Asox-aS
(2938) C IHV(A$) AND X ARE RETURNED AS (AS,$S), THE ORIGINAL (AS, BS) ARE
(2939) C LOST
(2940) C H(.LT.61) RANK OF AS AND 9S, RETURNED AS 0 IF AS IS SINGULR
(2941) C COLUMNS OF 9S, M4 MUST NOT EXCEED H

(2842) C DS D)ETERMINHANT OF AS
'43) C AS AND 85 MUST BE DIMENSIONED (NJNdj) IN THE CALLING PROGRAM
.;44) C H J MUST BE NtO LESS THAN EITHER M OR H

( 2945 ) C
(2846) DIMlENSION AI(6O,60),PIVOT(60)
(2947) DIMlENSION AS(HJ,t),BS(HJ,!)
(2849) DIMNSION IPI VOT(20), I DEX( 20,2)
(2849) EQUIVALENCE (IROWJROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)
(2850) C

.(2851) C COMPUTATION OF NORM
(2852) C
(2853) 1 C a t.OE-20
(2854) 2 ANO - 0.0
(2955) 3 00 6 IxI,H
(2856) 4 00 6 J-l,N

(2857) 5 ANO - ANO+A$(I,J)*AS(I,J)
(2859) 6 Al(I,J) a AS(I,J)

? . ( 2 85 9 ) 7 A N O a A N O I N ".
'(2660) C

(2861) C INITIALIZATION
' ( 2862 ) C -
'(2863) 10 D)ETERM = 1.0

(2864) 15 DO 20 Jzl,Nt
(2965) 20 IP IVOT( J) z 0

.(2866) 30 DO 550 I=l,N
k 2867 ) C
(2868) C SEARCH FOR PIVOT ELEMENT
( 2869 ) c
(2870) 40 AMAX = 0 0
(2871) 45 DO 100 J=I,N "

(2872) 50 IF ( IP I VOT J)EQ 1) GO TO 100
(2873) 60 DO0 tOO K=I,N
(2874) 70 IF (IPIVOT(K)-I) 80,1I00,840

.(28?5) 80 IF t'A8S(AMAX)-A8S(AS(J,K'))) 85,100,1I00
, 2876) 85 IROW =

(2877) 90 ICOLUM s K
.(2878) 95 AMlAX = AS(J,K)

(2879) 100 CONTINUE

:(2880) 110 IPIVOT(ICOLUM) -"IPIVOT(ICDLUM)+I
(2881) C

L (2882) C INTERCHANGE ROWS TO PUT PIVOT FLEMENT AN DIAGONARL
(2883) C
(2884) 130 IF (IROWEQ.ICOLUM) GO TO 260

(2885) 140 DETER = -DETERM
(2886) 150 0 200 L=I,N
(2887) 160 SWAP AS(IROW, L S
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F!

(2880) 170 AS(IROWL) A AS(ICOLUML)
(2889) 200 AS(ICOLUML) x SWAP
(2690) 205 IF (M.LE.O) GO TO 260
(2091) 210 DO 250 L1,HM
'2B92) 220 SWAP x BS(IROW, L)
(2893) 230 BS(IROWL) - BS(ICOLUNL)
(2894) 250 BS(ICOLUML) a SUAP
(2095) 260 INDEX(I,1) a IROU
(2896) 270 INDEX(I,2) a ICOLUM
(2097) 310 PIVOT(I) a AS(ICOLUNICOLUM)
(2898) 320 DETER' - DETERM*PIYOT(I)
(2899) C
(2900) C ROW NORMALIZATION
(2901) C
(2902) 330 AS( ICOLU, ICOLUM)= 1.0
(2903) 340 DO 330 L=1,N
(2904) 350 AS(ICOLUML) a AS(ICOLU,L)/PIVOT(l)
(2905) 355 IF (.LE.O) GO TO 380
(2906) 360 DO 370 L=1,M
(2907) 370 BS(ICOLUML) a BS(ICOLUM,L)/PIVOT( I)
( 2908 ) C

(2909) C REDUCE NON-PIVOT ROWS
(2910) C

(2911) 380 DO 550 LIs1,H
(2912) 390 IF (LI.EQ.ICOLUM) GO TO 550
(2913) 400 T a AS(LI,ICOLUM)
(2914) 420 AS(LIICOLUM) = 0.0
(2915) 430 DO 450 L=1,N
(2916) 450 AS(LI,L) -a AS(LI,L)-AS(ICOLUM,L)*T
(2917) 455 IF (H.LE.O) GO TO 550
(2918) 460 DO 500 L=IM
(2919) 500 BS(LlL) a BS(LI,L)-BS(ICOLUM,L)*T
(2920) 550 CONTINUE
(2921) C
(2922) C INTERCHANGE COLUMNS
(2923) C
(2924) 600 DO 720 I=I,N
(2925) 610 L = N+1-I
2926) 620 IF (IHDEXkLI) EQ.INDEX('L,2)) GO TO 720
(2927) 630 JROW = INDEX(L,1)
(2928) 640 JCOLUM = INDEX(L,2)
(2929) 650 DO 710 K=I,N
(2930) 660 SWAP = AS(KJROW)
(2931) 670 AS'KJRO ) r AS(KJCOLUM)
(2932) 700 AS(K,JCOLUM) SWAP
(2933) 710 CONTINUE
(2934) 720 CONTINUE
(2935) C

(2936) C TEST SINGULARITY
(2937) C
(2938) 730 DO 780 I=I,N
c 2939) 740 D = 0. 0
(2940) 750 DO 760 J=I,N
(2941) 760 D = D+AI(IJ)*AS(J,I)
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(2942) 770 DETERM =D*DETERM
12943) ?80 CONTINUE
(2944) 790 DETERN z DETERtI*DETERM
(2945) 800 DO 810 1I=IA
(2946) 810 DETERN = DETERN/ANO

t(2947) 820 IF (DETERi4.LT.C) GO TO 840
(2948> 830 DS DETERN
( 2949) RETURN
( 2950) C
(2951) C SET ERROR INDEX FOR SINGULAR INPUT MATRIX
(2952) C
(2953) 840 N = 0
(9 54> 850 GO TO 830

(2955) END

316



(2956) SUBROUTINE ISTRP( ISO,IBRG,STIF,DAMPIRUN)
(2957) DIMENSION STIF( 212,20),DAIP( 2, 2,20)
(2958) 15O00
(2959) IF (IBRG.EQ.O) GO TO 105
(2960) DO 101 lz1,IBRG
(2961) AHORt1=TIF(1.1,1)**2.STIF(2,2,1)**2+STIF(1,2,1)**2,STIF(2,1,1)**2
(2962) BNORNoDANP(1,1,1)**2+DAMP(2,2,1)**2!DAMP(1,2,1)**2+DAf1P(2C1,1I**2
(2963) ASUMm(STIFC1,2, I)+STIF(2, 1,1))**2+k$T1F( 1,4)-STIF( 2,2,I 1))**2
(2964) 101 9SUfu( DANP( 1 2 I )+DAMP( 2,11I) )**2.( DAMP( 1, 1,1 )-DAIP( 2,2,I ' )**2
(2965) THORMuRNORM+BNORM
(2966) IF (THORN .EQ. 0.0> GO TO 105
(296?) RTOR=(A$UM+8SUM)/TNORN
(2968> IF (RTOR.GT.1.OD-8) ISO-1
(2969) 105 RETURN
(2970) END

IVK
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(2971) SUBROUTINE IGNRL(HBEHD1 INDEXISO,DETER,IVARH)
(2972) CONNON/BMAT/XLX(60.120),YLX(60,120),ZLX(60,120),
(2973) +XNALF(20,40). YIALF(20, 40).ZHALF( 20.40 )QHALF( 20. 40)
(2974)N COMNON/BINY/XIN(60,122).XOU(60,122),OLX(2).IROV(61),ICOL(61)
(2975) CONNON/WUADD/FSO
(2976) DIMIENSION DETER(2,1)1 IWARN(2,2)
(29??) IONE a 1
(2978) ITO 2
(29?9) LuISO*NBEND

(298) 12 z 2
*(2981) CSQ u39.478417604*FSO

t.2982) DO 91 I-1.HBEND
(2983) DO 91 K-1..NBEND
(2984) J =2*K-1
(2985) IF (JSO.EQ.O) GO TO 91
(2986) Ji a J+2*NBEND
(2987) YHALF(IK) a -YLX(I..J1)/CSO
(2988) 91 XHALF(IK) zYLX(I,J)/GSQ
(2989) NIH = t4BEND
(2990) CALL tMAXI(XHALF.N1H,YHALF,L,OETER(IOHiE,INDEK),120)
(2991) IF (NINGT.O) GO TO 92
(2992) 1W1l
(2993) CO TO 93
(2994) 92 Iw=O
(2995) LoO
(2996) 93 IWARN(l, INDEX )=IW
(2997) DO 95 lu%,NSEND
(2998) I11I+NBEND
(2999) DO 95 K=1,HOEND
(3000> J= 2*K-1
(3001) JI x J42*NBEND
(3002) XHALF(I,K):a YLX(I1.,J1>/GSO
(3003) IF (ISO ED 0) GO TO 95
(3004) IF 'IU.EQ 0) GO TO 101
(3005) YNALF(I,K) x -YLX(114 J)/GSO
(3006) CO TO 95
(300?) 101 DO 94 liz1,NBEND
(3008) Ml 2 2*M-1
(3009) XHiALF(I 1K) a XHiALF(I,K)+YLX(i1,Ml)*'YHjALF1,K)/'GSQ
(3010) 94 CONTINUE
(3011) 95 CONTINUE1
(3012) NIH z NBEND
(3013) CALL MAXIV(XHALF,HIN,YHALF,L,DETER(T0,IIIEX,),12Q)
(3014) IF (NIH GT 0 ) GO TO 102

(3015) IWARN(2, INDEX)=l
(3016) GO TO 200
(3017), 102 IWARN(2I N D E X)0
(3018) IF (ISO.EQ.Q) GO TO 200
(3019) IF (IW.EQ.0> GO TO 97
(3020) DO 96 I=1.NBEND
(3021) DO 96 t=1,NBEND
(3022) J 2*PI-1
(3023) XNALF(I,M) = YLX( I,)/GSQ'
(3024) D0 96 K1I,H9END
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(3025) Ki 2*(K+I48END)-1
(3026) 96 XNALF(I,e) z XHALF(Z,t1)+YLR(I,(1)*YL.X(K,J)/GSa
( 302?) CALL MAI(HLsHE4#YAFo DTR OE NE) 2( 3028) 9? DETER(2 ,INDEX)atDETER(1,1NIEX)*DETER( ,INDEx)
(3029) 200 RETUJRN
<3030) END

4--

319



(3031) SUBROUTINE ENTER(KSKE,KU,N8,NF.IS,DT,F,SP,RT,XI,IR,IDG)
(3032) INTEGER STEP.FINAL,DIRECTPOlNT6,POINT7
(3033) CONNON/CODA/K9(2O)
(3034) DIMENSION TR9LX(60,122),CN(3,10),CO(4,10.4O),DT(2,11 ),V 60),F( 11,
(3035) + SP( 11). RT( II ), XI (11 ), F 1( 4), SP 1( 4
(3036) C SET UP FILE OF INTERPOLATION COEFFICIENTS
(3037) DIRECT - 0
(3036) REWIND KS
(3039) REWIND KE
(3040) NF=NF-1
(3041) HIO-NB.1
(3042) N20=N8+HB
(30+3) N202.= 2*N20
(3044) Nizi
(3045) N2-NB
(3046) NR a -1
(3047) 10 C-a 70 IvNI.N2
(3048) I0=1
(3049) IF (I.LE.NB) GO TO 11
(3050) ISTART - I-NB
(3051) GO TO 12
(3052) It ISTART = I
(3053) 12 IF(IS.EQ I.AND.Nl.GE.N1O) GO TO060
(3054) 20 I1=1
(3055) M2=N2
(3056) 30 CONTINUE
(3057) DO 50 JaI1.N2
k~3058) JI = 2*J-1
(3059) REWIND KS
(3060) DO 40 Nzl,NF
(3061) READ (KS) SO,F(N),((TABLX(L.14).N1,202),L=1,N20)
(3062) 40 SP(N) a TABLX(10,JI)
(3063) JER=O
(3064) NPTS a NF
(3065) CALL SPLINE(NR,HF,RT 1 ,F,SPCN.KW, IER)
(3066) IF (IER.NE.O) GO TO 170
(306?) D0 50 Hal,MF
(3068) CO( 1.H,J)*SP(N)
(3069) DO 50 Lxl,3
(3070) M-L+I
(3071) CO(M,N,J4)OCN(L,N)
(30?2) 50 CONTINUE
(3073) IF( M2.EQ.H20) GO TO 56
(3074) M2=N20
(3075) 11-1
(3076) IF( 1.LT NIO) 11=I1.NB
(3077) IF(IS.EG.O) 10all
(3078) GO TO 30A
(3079) 56 VRITE(KE) IS,((('.CO(L, .J ),C0(L,M,.J+N)),L1,4),J=IS'ART,NB),
(3090) + HI1 NF)
(3061) GO TO 70 [
(3082) 60 IISI-NB
(3083) IM2wNl

(3064) GO TO 30 I
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T-(3095) 70 CONTINUE
(3086) IF(IS.EQ.O.OR.N2.EQ.N20) GO TO 80
(309?) N1.I4
(3098) N2mN20
(3089) GO TO 10
(3090) 80 REWIND KE
(3091) IF(IS-EQ-l) GO TO 160
(3092) IROTmI
(3093) 100 00 110 Iu1,HF
(3094) 110 SP( I)=DT( IROT,'I
(3095) NRxO
(3096) IF(NF.LE.4) GOTO 300
(309?) POINT6u0
(3098) POItT7u0
(3099) IF(NF.NE.5) COTO 6
(3100) 1 NFlm3
(3101) STEP=2
(3102) 3 NRO a 0
(3103) 00 2 Iu1,NFl.STEP
(3104) NRI a HRO+1
(3105) J*1+2+POINT?
(3106) IF(I.NE.3) GOTO 4
(310?) J*J.POINT6
(3108) JJuI
(3109) DO 5 l111.J
(3110) FI( JJ )u( 11)
(3111) SPI ( Jj)asp( II
(3112) 5 1bi=JJ+1
%'53) NR=O
(31114) IER a
(3115) NPTS a NFl
(3116) CALL SPLINE(NR,NFI,RT,X,FI,PI,CNKW, IER)
(311?) IF (IER.NE.O) GO TO 170
(3118) IF (NR.LE.O) GO TO 2
(3119) CALL ROOTAB(IR,IS,IR0T,HR,RT,NB,NF,KE,KW,F1,CO,.()IRECT ItDG)
(3120) NRO a NRO+NR
(3121) 2 CONTINUE

*(3122) NR a NRO
(3123) GOTO 155
t3124) 6 IF(HF.NE.'6) GOTO 7
(3125) POINT6ic
(3126) GOTO 1
(3127) 7 IF(NF.NE.?) GOTO 8
(3128) POINT7-1
(3129> STEP-3
(3130) N~F1=4
t3l3l) GOTO 3
(3132) 8 NF2uNF-1
(3133) NRO a 0
(3134) DO 9 I-2,NF2
(3135) fil =R~

3136) A8SF=ABS( SP( I)
(3137> A9SFL-ASS(S'( I-1))
(3138) A8SF2zA8S(SP( 1+1))
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(3139) IF(ABSF GT ABSFI.OR.ABSF.GT.ABSF2) GOTO 9
( 3140) 1 NC aI- I
( 3141) IF(ABSFI.LT ABSF2) INC-I-2
( 3142) IF( INC.LT.lI) INCmI
( 3143) j j x
( 3144) 17 FINAL=INC+3
(3145) IF(FIHAL.LE.NF) GOTO 16
( 3146) INCSINC-I
( 3147) GOTO 17
( 3148) 16 D0 18 II-IHC..FIHAL
( 3149) Fl(JJ)xF(II)
( 3150) SP1(JJ)XSP(II)
( 3151) 18 j j jj +~
( 3152) NFlm4
( 3153) Ex
(3154) HRw0
( 3155) NPTS NFI
(3156) CALL SPLINE(HRHF1,RT.XI1 F11 SPLCN,KU1 T;-R)
( 315?) IF (IER NE 0) GO TO 170
(3158) IF (HR.LE.O) GO TO 9
(3159) CA~LL ROTBISIORRN NEKIC,,IETIDGI
(3160) HRO =NRO+NR
0~161) 9 CONTINUE
(3162) HR x NRO
(3163) GOTO 155
(3164) 300 IER a 0
(3165) INC = I
(3166) NPTS xHF
(3167) CALL SPLINE(NR,HFRT,XI,r,SP,CN,KW,IER)
(3168) IF (IER.NE.O) GO TO 170
(3169) IF (HR.LE.0) GO TO 155
(3170) CALL FL)0TAB(IRIS1 IROT,tR,RTNB.HF,KE,KW,F,C0,V,DIRECT, LOG)
(31?!) 155 IF (IS.EQ.) GO TO 130
(3172) IF (IROT.EQ.2) GO TO !20
(3173) WRITE (KW1 2000) MR
(31?4) 2000 FORtIAT(/29H NO OF CO-ROTRTIONAL ROOTS =,IS/)
(3175) GO TO 156
(3106) 120 WRITE(KU,2001) HR
(31??) 2001 FORMAT(/29H HO OF CTR-ROTATIONAL ROOTS =,15/)
(31?8) GO TO 200
(3179) 130 WRITE (KU..2002) MR
(3180) 2002 FORMAT(/29H HO OF COUPLED ROOTS -,IV/)
(3181) GO TO 200

(3182) 156 IFtDIRECT.EQ.20) GOTO 200
(3103) IF(1IR0T.EQ. 2).OR.(IR.EQ.1.AN0.IS.EQ.O)) GO TO 200
(3184) 160 IROTx2

(3185) GO TO 100I:(3i-86) 170 WRITE (KV1 1000) [
(3188) 200O FRTRN NERRENONCE UIN xCrO O URUI
(3188) 1000 FOMTSPLIRRRECUNEENDRNE.)~IN FSBRUIE

(3190) END
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(3191) SUBROUTINE ROTRB(RSROT(3192) 
INTEGER DIRECT(3193) DIMENSION CO(4,101 ),RT(I),F(I>,Y(I)

(3194) DIRECTaO
(3195) IF (NR.EQO) GO TO 110(3196) IF (IS.EQ.£) GO TO 143(3197) IF (IROT-1) 140,140,142(3198) 110 IF (IS.EQ.1.OR. IROT.EQ 2) GO TO 1IS
(3199) DIRECT a 15(3200) GO TO 100
(3201) 115 DIRECT a 20
(3202) 140 WRITE(KW,1000)
(3203) 1000 FORMAT('19H CO-ROTATIONAL MODE)(3204) 141 IF (IR-EQ.) GO TO 1141
(3203) WRITE(KU,1001)(3206) 1001 FORMAT(,2OX, 1ON FRFO (HZ),6X,42HLOCATIOH (IN) DEFLECTION SLO(3207) PE )
(3208) GO TO 145
(3209) 11i41 URITE (KV,1O11)<3210) 1011 FORMAT(,'20X, 1OH RPM 6X,42HLOCATION (IN) DEFLECTION SLO(3211) +PE )
(3212) GO TO 145
(3213) 142 WRITE(KW,1002)
(3214) 1002 FORMAT(?20H CTR-ROTATIONAL MODE)
(3215) GO TO 141
(3216) 143 URITE(KU,£003)(32:?) 1003 FORMAT(/13H COUPLED f10DE 3 8x,23HCO-ROTrIONAL COMPONENT,6X,(3213) +2 4HCTR-ROTATIONAL COMPONENT)(3219) IF (IR.EQ.£) GO TO 1143(3220) WRITE (Ku, 1004)(3221) 1004 FORMAT(21X,IOH FREQ (HZ),6X,13HLOCATIOH (IN),2(2?H DEFLECTION(3222) + SLOPE 3x))
(3223) GO TO 145
(3224) 1143 WRITE (KIW,1014)(3225) 1014 FORNAT(21X,10H RPH 6 9,13HLOCATION (ZN),2(27H DEFLECTION(3226) + SLOPE 3X>)
(322?) 145 DO 150 NPml,NR
(3228) RESuRT(NP)(3229) 150 CALL SBODE (IRISIROTNI3,HFKVKE,F, C ,RESVIDG)(3230) 100 RETURN
(3231) END
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(3232) SUBROUTINE 8MODE(IRUH .ISIR.NB,HF,KW,KEF,C,RV,IDG)
(3233) DIMENSION F(1),C(4,1,I),Vu(),X(40,40),POSIT(16),MNe2O).48(20)
(3234) +W(60)
(3235) CONNON/UUS/M8,K81 XPOSIT
(3236) CONMON/COOAIK9(20)
(3237) N40 a 40
(3238) RSQ = 39.47841760436*R*R
(3239) C GENERATE INTERPOLATED IMPEDANCE MOTRIX
(3240) MF=NF-I
(3241) N20NB+NB
(3242) N2NB8+IS*NB
(3243) 10 DO 100 I=1,N2
(3244) IF (I.LE.HS) GO TO 11

(3245) ISTART a I-NB
(3246) GO 10 12
(3247) 11 ISTART = I
(3248) 12 IF (IS .EQ,I .AND. I.GT.NB) GO TO 90
(3249) 11=1
(3250) M2=HB
(3251) 25 READ (KE) IS,((((C(L,M,J),CcL,pJ+9)),Ls,4),JSr PT,N8),M=I,
(3252) MF)
(3253) 30 DO 0 J=rII,M2
(3254) K=J
(3255) 35 IF (IS.EQ.1) GO TO 35
(3256) IF (IR EQ.2) K=K+NB
(3257) DO 40 L=I,MF
<3258) U=F(L)
(3259) IF (R.GT.U) GO TO 40
(3260) LQ=L
(3261) GO TO 50
(3262) 40 CONTINUE

F(3263) LmMF
(3264) GO TO 60
(3265) 50 IF (R.EQ.U) GO TO 70
(3266) LmLQ-1
(3267) 60 D*R-F(L)
(3268) X(I,J)=(C(1,.,K)+D*(C(2,L,K)+D*(C(3,L,K)+*C(4,L,")' ")/PSi"
(3269) 65 IF (J.EQ.I1) GO TO 80
(3270) IF (Il-I) 71,72,73
(3271) 71 JOJ+Ne
(3272) IO=I-NB
(32?3) GO TO 75
(3274) 72 JOUJ
(32?5) 10=1

F (32?6) GO TO ?5
(327?) 73 J0=J-N8

,;. ,(3278) 1O=1 He
: (3279) 75 X4 JO, IO)=X(I,J)

32 e0;4 GO TO 80
(3291) 70 X(I,J)=C(I,L,K)/RSQ
(3282) GO TO 65
(3283) 80 CONTINUE
(3284) IF (IS.EQO.) GO TO 100
(3285) IF (f2.EQ.N20) GO TO 100
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(3286) M2mN20
(~328?) I=IN

(3298) GO TO 30
(3289) 90 lIa.-NO
(3290) M2"NB
(3291) GO TO 25
(3292) 100 CONTINUE
(3293) REWIND KE
(3294) C CALCULATE CHARACTERISTIC VECTOR
(3295) IF (IDG.NE.4) GO TO 5101
(3296) WRITE (KW, 2000)
(3297) 2000 FORMAT (/30H INTERPOLATED STIFFNESS MfATRIX/')
(3298) CALL MATPRT(N2,N2,N40,N40,X)
(3299) C INVERT INTERPOLATED STIFFNESS MATRIX
(3300) 5101 IMAX a 0
(3301) CALL NAXIV(XN2,X, IMAX,DETN40)
(3302) IF (N2.GT.0) GO TO 5102
(3303) WRITE (Kg, SI) R

(3304) 51 FORMAT (34HIEXACT RESONANCE IS ENCOUNTERED AT ,IPD12.5,4H NZ/

(3305) +31H "ODE SHAPE CANNOT BE CONPUTED.)
(3306) GO TO 510
(330?) "'102 IF (IDG.NE.4) GO TO 81
(3308) WRITE (KV,2001)
(3309) 2001 FORMAT (/18H MODE SHAPE HATPIX//)
(3310) CALL MATPRT(N2,N2,N40,N40,X)
(3311) C SEARCH FOR LARGEST DIAGONAL ELEMENT OF THE MOBILITY MATRIY'
(3312) 81 KNAX a 0
(3313) DO 103 I-I,N2
(3314) IF (K9(I).EO.2) GO TO 103
(3315) TRY a ABS(X(I,I))
(3316) IF (KNAX.EO.) GO TO 101
(3317) KNAX s I
(3318) GO TO 102
(3319) 101 IF (TRY.LE.AMAX) GO TO 103
(3320) 102 IX a I
(3321) AMAX a TRY
(3322) 103 CONTINUE
(3323) C CALCULATE NORMALIZED MODE SHAPE
(3324) AMAX = X(IX, IX)
(3325) DO 104 1l1,N2
(3326) V(I) - X(IIX)/AMAX
(3327) 104 CONTINUE
(3328) C PRINT MODE SHAPE
(3329) IF (IRUH.EQ 1) R - 60.O*R
(3330) ITItE'I
(3331) DO 500 I*1,NB
(3332) HaMs( I)
(3333) JT=KS(I )-2

L(3334) IF (JT.LE.2) GO TO 406
(3335) IF (JT-5) 404,403,402

(3336) 402 JT=JT-1
(333?) 403 JT=JT-3
(3338) IF (ITIME.Eg.2) GO TO 405
(3339) ITIME-2
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(3340) vt-V< 1 )

(3341) IF (IS.EQO) GO TO 500
(3342) I1-I+H9
(3343) W3uY(I1)
(3344) GO TO 500
(3345) 404 JT,-JT-2

(3346) GO TO 406
(334?) 405 ITIME"t
(3348) W2-Y(I)
(3349) IF (IS.EQ.O) GO TO 410
(3350) I1-I+N8
(3351) W4-V( I)
(3352) IF (I.GT.1) GO TO 425
(3353) WRITE (KWt011) R,POSITH),UU2,W3 , W4
(3354) 1011 FORMAT (20X, PEII.4,5E1.4)
(3355) GO TO 500
(3356) 425 WRITE(K..1001) PO$SIT(N)*UlW2W3,W4
(3357) 1001 FORJAT(31XIP5E15.4)
(3358) GO TO 500
(3359) 406 IF (JT.EQ.2) GO TO 408
(3360) IF (IS.EQ.I) GO TO 40?
(3361) IF (I.GT.1) GO TO 426
(3362) WRITE (K, 1 011) R,POSIT(N),V(l)
(3363) GO TO 500
(3364) 426 URITE(KU,1001) POSIT(N),Y(I)
(3365) GO TO 500
(3366) 40? Wl=V(I)
(336?) W3=Y(I+Ne)
(3368) IF (I.GT.1) GO TO 42?
(3369) WRITE (KW, 012) R,POSIT(H),WUb3
(3370) 1012 FORMAT (20X, 1 PEl1.4.2E15.4,15XE15.4)
(3371) GO TO 500
(3372) 42? URITE(KW,1O02) POSIT(N),WI,W3
(33?3) 1002 FORMAT(31X,lP2Et5.4,15XE15.4)
(3374) GO TO 500
(33?5) 408 IF (IS.EQ.l) GO TO 409
(3376) IF (I.GT.1) GO TO 428
(3377) WRITE (KW, IO13) R,POSlT(N),V(I)

(3378) 1013 FORMAT (20XolPEll.4,2(E15.4,l5X),E15 4)
%33?9) GO TO 500
(3380) 428 WRITE(KW,.1003) POSIT(N),V(I)
(3381) GO TO 500
'3382) 409 IF (I.GT.I) GO TO 429
(3383) WRITE (KW,1011) R,P0SIT(N),V(I),V(1+NB)
(3384) GO TO 500
(3385) 429 VRITE(KW,1003) POSIT(H),V(I),V(I+NB)
(3386) 1003 FORMAT(16X,3(15XIPE15.4))
(3387) GO TO 500
(3388) 410 IF (I.GT.1) GO TO 430
%13389) WRITE (KW, -O1,1 R,POSITc.H),t I,(H2

(3390) GO TO 500
(3391) 430 WRITE(KWIO01) POSIT(N),U1,W2
(3392) 500 COHTIHUE
(3393) 510 RETURN
(3394) END
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F(3395) SUBROUTINE NATPRT(ft1,NI.,M2,N2,DNlAT)
(3396) COHNNlMR/'KW1 KR

*(3397) DIMENSION ONAT(M2,N2)
(1399) WRITE(KU,50)
(3399) 00 10 1.1.111
(3400) 10 WRITE(KU.100) (DRAT(I,J),Jul,41)
(3401) VRITE(KV.150)
(3402) 50 FORMAT(25H ***** START MATPRT ***/

(3403) 100 FORMAT(IX,1P1OE13.5)
(3404) 150 FORPIAT(254**. END MATPRT **.

(3405) RETURN
(3406) END
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(340?) SUBROUTINE RUNCON(KVIR,IT,IDoNT)
(3406) DIMENS1o ID(0,1NT i6)
(340S) WRITE (KW,10) ID, NT
(3410) 10 FORMAT (1NI.30(IH*),19HCALCULATION SUMNARY,30(IH*)//IH ,20A4)
(3411) IF (IR.EQ.O) GO TO 50
(3412) GO TO (tOO,200,30O,40050O,600), IR
(3413) 50 WRITE (KW,20)
(3414) 20 FORNAT(/34H RSVP SUPPLEMENTARY DATA AND ORIGINAL IMPEDANCE MATRIC,
(3415) +2NEU)
(3416) GO TO ?00
(341?) 100 WRITE (KW,110)
(3418) 110 FORMAT (/2?H CRITICAL SPEED CALCULATION)
(3419) GO TO ?00
(3420) 200 WRITE (KU,210)
(3421) 210 FORMAT (/19H UNBALANCE RESPONSE)
(3422) GO TO 700
(3423) 300 WRITE (KV,3)O)(3424) 310 FORMAT (/35N ASYNCHRONOUS RESONANHCE CALCULATION)

(3425) GO TO 700
(3426) 400 WRITE (KV,410)
(342?), 410 FORMAT (/22N ASYNCHRONOUS RESPONSE)(3420) IF (IT.EQ.I) GO TO 420

(3429) WRITE (KW,41)
(3430) 411 FORMAT (36H EXCITATION IS OF THE ROTATING TYPE.)
(3431) GO TO 700
(3432) 420 WRITE (KW,421)
(3433) 421 FORMAT (26H1 EXCITATION IS STATIOHARY.)
(3434) GO TO 700
(3435) 500 WRITE (KW,510)
(3436) 510 FORMAT (/25H WHIRL STABILITY AiALYSIS)
(343?) GO TO 700

k (3438) 600 WRITE (KU(,610)
(3439> 610 FORMAT (/32H TORSIONAL RESONANCE CALCULkTIOH,
(3440) 700 RETURN
(3441) END
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(3442) SUBROUTINE BRGTAB(KW,I,K9ON8,K8. IT,K2,r,8,0o
(,3443) DIMENSION T(2,),8(2,1)sC(2,4)
(3444) IF (NB-KZ) 1,3,2
(3445) 1 MB zKZ
(3446) GO TO 4
(344?) 2 LB a KB
(3448) Me - Ne
<3449) GO TO~ 6
(3450) 3 Me = He
(3451) 4 LB - IT
(3452) DO 5 IZ=I.2
(3453) DO 5 JZx1,2
(3454) JZ2 a 2*JZ
(3455) JZI a JZ2-1
(3456) C(IZ.JZ1) - 8<I1JZ)
(3457) CtIZoJZ2) - 0.0
(3458) IF (KB NE.IT.OR.NB.NE.KZ) GO TO 5
(3459) C(IZoJZ1) a C(Z..JZI)+T(IZ,JZI)
(3460) C(IZ,JZk.) - C(IZ,JZ2)+T(IZ,JZ2)/O
'3461) 5 CONTINUE
(3462) GO TO 8
%J3463) 6 D0 7 IZnl,2
(3464) DO 7 JZ=1,4
(3465) TO - T( IZ,JZ)
(3466) JZI - 2*(JZ/2)
(3467) IF (JZI.EO.JZ) TO aTO/O

(3468) C(IZ,JZ) aTO

(3469) 7 CONTINUE
(3470) GO TO (10,20)s LB
(3471) WRITE (KW,9) KBoI
(3472) 9 FORMAT (/35N1 ERROR MESSAGE **.VALUE OF KBRG (,13,12H) AT BRG NO.
(3473) +,13,35H IS ILLEGAL. COMPUTATION IS HALTED.)
(3474) CALL EXIT
(3475) 8 IF (LB.Eg.2) CO TO PO
(3476) 10 WRITE(KWo11) K8OotlB.((C(h,N )N-1 ,4),M=1,2)
(3477) 11 FOPMAT (I3..4,5XsIH*,12X,1P8El1.4)
(3478) GO TO 100
(3479) 20 WRITE(KW,21) KBO,MB,((C(M,N ),N=1 ,4),M=1,2)
(3480) 21 FORMAT (13,Iq,139i1N*,4X,1P8E11.4)
%3460) 100 RETURN
(3482) END
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(3483) SUBROUTINE ROTATE(HI)
(3484) CONNON/SNMAT/XLX(60,120),YLK(6o 120) ZLX(60,120),(3485) +XAF2,0,HL(04),HL(04)QAF2,0
(3496) CONNON/BlNv/XIN(60,122),XOUc60o,2

2 ),,LX(2 ),lROl(61),ICOL(61)(340?) DO 10 I-1,NI
(3480) L NlII
(3499) Do 10 Jn1,N1
(3490) M NI.j
(3491) J2 a 2*4
(3492) 41 a J2-1
(3493) 912 a 2*91
(3494) Ml a M12-1
(3495) ALXI - 0.5*(XLX(1,j1).XLX(L,Njj))
(3496) ALX2 a0.5*(XLX(I,J2)+XLX(L,M2))
(349?) BIXI - -O.5*(XLX(LuJ2)-XLX(r,H2))
(3498) BLX2 - 0.5*(XLX(LJl)-XLX(I,MI),
(3499) C.LX1 - ALX-XLX(L,M1)
(3500) CLX2 a ALX2-XLX(L, M'2 )
(3501) DLXI = 9LXI-54LX(l,M2)

5,(3502) DLX2 = BLX2+XL(I,91j)(3503) YLX(l,J1, a ALX1+BLXI
F(3504) YLX(I,,42) = ALX2+8LX2

(3505) YLX(L,N1i) a CLX1+DLXI
(3506) YLY(I,912) =CLX2+DLX2
(350?) YLX(L..jl) a CLXI-DLXI
(3508) YLX(L.j2) 2 CLX2-0LX2
(3509) YLX(L,Itl> w ALNI-BLIi
(3510) 10 YLX(L,912) 2 ALX2-DBLX2
(3511) RETURN
(3512) END
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(3513) SUBROUTINE ORDTAB(KU,141M.K,SPFR,A,91 S,P1 POSIT. IPN)
(3514) DIMENSION M( 1 ).K( 1 ),A( 1 )i8( ),S( I :-,P( I)
(3515) DIMENSION POSIT?76)
(3516) IF(IPN.EQ.1) WRITE(Kbl,10) SP,FR
(351?) IC FORMAT(?/1X,14HRESPONSE ORBIT/194 ROTATIONAL SPEED =.IPEII 4,
(3518) +4N4 RPM..6X.INHFREQUEHCY =,IPEII 4,3H4 HZ'/i
(3519) URITE(KU,101)
(3520) 101 FOR1MAT(33X,42H** PRINCIPAL RADII 1+INCLIN0T1ON PHiASE,,
(3521) f3114 NO, STN LOCATION DISPL SLOFESX,
(3522) *5N14KAJOR,6X,NMINOR,?X,5H(DEG),4'.9NREFERENCE,4),,IifEL.LIPTICITV'
(3523) LO - 0
(3524) DO 60 1.1,14
(3525) ELP=(A( I)+8( I))/(A(I )-B(I ))
(3526) IF(ELP.GT.1.0) ELP=1.O/ELP
(352?) IG-M(I)
(3528) Ls K(I)-2
(3529) GO TO (2O,30,2O,30,40,40),LF
(3530) 100 WRITE (KW,11) K(I),M(I)
(3531) I1 FORMAT (/33H4 ERROR MESSAGE **** VALUE OF KS t,13,11H AT S.TATION

(7532) +13,35H4 IS ILLEGAL. COMPUTATION IS HALTED'I(3533) CALL EXIT
(3534) 20 WRITE(KW,1 ) I,M( I),POSIT(UG),A( ! I.B( I j,S( I .P ' LP
(3535) 21 FORMAT(13,14,FIO.4,SX,1H*,9X,2(1X4,IP2EII 4),2X,1PE10 4)
(3536) GO TO 60
(353?) 30 UR ITE(Kl, 31 ) 1, M( I ), POS IT kI G),A I ), 8 I , S I ), P( I ), E F
(3538) 31 FORMAT(13,14,F1O.4,5X,1H*,9X2(1,,lP2 ElI 4*.2X,IPF.I' 4;1
(3539) GO TO 60
(3540) 40 LO a LO+1
(3541) GO TO (20,50)*LO
(3542) GO TO 100
(3543) 50 LO s 0
(3544) GO TO 30
(3545> 60 CONTINUE
(3546) RETURN
(354?> END
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(3548) SUBROUTINE XCITAB(KWiIT,NON,K,PLX)
(3549) DIMENSION PLX(1)
(3550) DIMENSION M( I),K( )
(3551) WRITE (KW,1O)
(3552) 10 FORMAT (////16H EXCITATION DATA)
(3553) IF (IT.Ni.O) GO TO 20
(3554) 100 WRITE (KW,11)
(3555) 11 FORMAT(/9X,4(IH*),6H TYPE ,4(IH*),2X,5(IH*),9H FORWARD ,2,'1X,5(
(3556) +IH*),1X),SHBACKWARDiX,5(IH*))
(3557) GO TO 25
(3558) 20 WRITE (KW,21)
(3559) 21 FORMAT(/gX,4(IH*),6H TYPE ,4tiH*),2X,5(IH*),ION VERTICAL ,5(1H*
(3560) +),2X,4(1H*),o2H HORIZONTAL ,4(IH*))
(3561) 25 WRITE (KW,26)
(3562) 26 FORMAT (23H NO. STN FORCE MOENT,2(3XYHIN-PHASE,GX,5HLAG ))
(3563) LO a 0
(3564) DO 70 I=I,NO
(3565) 12 a 2*1
(3566) I w 12-I
(3567) L = NO+I
(3568) L2 = 2*L
(3569) Li - L2-1
(3570) LF a K(I)-2
(3571) GO TO (40,50,40,50,60,60), LF
(3572) 200 WRITE (KW,31) K I),M(I)
(3573) 31 FORMAT (/33H ERROR MESSAGE **** VALUE OF K8 (,I3,13H) AT STATION
(3574) +13,35H IS ILLEGAL. COMPUTATION IS HALTED
(3575) CALL EXIT
(3576) 40 WRITE (KW,41) IM(I),PLX(Il),PLX(I2),PLX(LI),PLX(L2)
(35??) 41 FORMAT (I3,I4,5X,IH* 12X,1P4ElI.4)
(3578) GO TO 70
(35?9) 50 WRITE (KW,51) I,M(I),PLX(II),PLX'I2),PLX(L1),PLX(L2) K
(3580) 51 FORMAT (13,I4,12X,IH*,5X,1P4EI1 4)
(3581) GO TO 70
(3582) 60 LO = LO+
(3583) GO TO (40,65), LO
(7584) GO TO 200
(3585) 65 LO = 0
(3586) GO TO 50
(3587) ?0 CONTINUE
(3588) RETURN
(3589) END

332

rk-



(3590) SUBROUTINE OR9IT(ITBST,P1 ULX11 ULX2,VLX1,VLX2)
(3591) R a 57.29578
(3592) IF (IT.EQ.0) GO TO I
(3593) RLXI =O0.5*ULXI
(3594) RLX2 a 0.5*1JLX2
(3595) BLXI z-O.5*YLX2
(3596) BLX2 a .5*YLX1
(359?) ALXI = RLXI+BLX1
(3598) ALX2 - RL92+BLX2
(3599) BIXI m RLX1-BLXI
(3600) BLX2 m RLX2-BLX2
(3601) GO TO 10
(3602> 1 ALX1 = ULXI
(3603) ALX2 x ULX2
(3604) BLXI = VL~1
(3605) BLX2 m VL92
(3606) 10 F a SQRTCALXI*ALXI+ALX2*RLX2>
(3607) 82 3BLXI*BLX1+BLX2*BLX2

(3608) G z SORT(82)
(3609) 8 u F+G
(3610) S =F-G
(3611) F =FIB
(3612) G = /8l
(3613) RLXI = (ALX1*BLXI+ALX2*BLX2)/82
(3614) RLX2 = (ALX2*BLX1-ALXI*BLX2)/82
(3615) T =0.5*R*ATAN2(RLX2,RLXI)
(3616) 20 X x ALX1+BLXI
(3617) Y = ALX2-8LX2
(3618) P = R*ATAN2(Y,.X)
(3619) RETURN
(3620) END
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(3621) SUBROUTINE ASNTA8(K, NFIW,F,D,IS)
(3622) DIMENSION IW(2,1),F(f),D(2,!)
(3623) DO 50 1 a 1,NF
(3624) L " IW(1,I)
(3625) M a L IW(2,1)
(3626) IF (L.EQ.I) GO TO 10
(3627) IF (M.EQ.1) GO TO 20
(3628) IF (IS.EQ.1) GO TO 5
(3629) WRITE (K,100) F(I),(D(JI),JuI,2)
(3630) GO TO 50
(36310 5 WRITE (K,1O0) F(I),D(2, I
(3632) GO TO 50
(3633) 10 WRITE (K,200) F(I),(D(J,I),J1,,2)
(3634) GO TO 50
(3635) 20 IF (M.EQ.2) GO TO 30

(3636) WRITE (K,300) F(I)o(D(J,I),J=i,2)

(3637) GO TO 50
(3638) 30 WRITE (K,400) F(I),(D(J,I),JxI,2)
(3639) 50 CONTINUE
(3640) 100 FORMAT (1PEl1.4,2(5X,EI1.4))
(3641) 200 FORMAT (IPEII.4,2(SX,E1I.4),5X,34HFORWARD WHIRL MOTION IS VEGEHERA
(3642) +TE)
(3643) 300 FORMAT (IPEII.4,2(5X,EI1.4)°X,35HACKWAR C WHIRL MOTION IS DEGEHER
(3644) +ATE)
(3645) 400 FORMAT (IPEII.4,2(5XEII 4),5X,33HBOTH WHIRL MOTIONS ARE DEGENERAT
(3646) +E)
(3647) RETURN
(3648) END
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I
(3649) SUBROUTINE SYNTAS(K, HS,!W,SD,ISO)
(3650) C
(3651) C DOUBLE PRECISION REAL ALGEBRA VERSION OCT 3, 1979
(3652) C
(3653) DIMEHSION I(2, 1),S(1),D 2, 1 I
(3654) JSO'ISO !
(3655) DO 30 IxINS
(3656) RPM a 60.0*S(I)
(365?) L - IW(Il)
(3658) IF (L.EQ.1) GO TO 10
(3659) WRITE(K,100) RPMD(JSO,I)
(3660) GO TO 30
(3661) 10 WRITE(K,200) RPOD(JSOI)
(3662) 30 CONTINUE
(3663) RETURN
(3664) 100 FORMAT (IPEl1.4,5X,El.4)
(3665) 200 FORMAT (IPEII.4,SX,E11.4,5X,.?HFORWARD IHIRL IS DEGENERATE
(3666) END
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(3667) SUBROUTINE INVC (H,IERR)
( 3668 ) C

(3669) C INVERSION OF COMPLEX MATRIX
(3670) C XOU = INVERSE OF MIN
(3671) C ORIGINAL XIN IS DESTROYED
(3672) C N a RANK OF SYSTEM
(3673) C IERR a ERROR FLAG, RETURNED AS -1 IF XIN IS SINGULAR
(3674) C IROU = INTEGER ARRAY
(3675) C ICOL a INTEGER ARRAY
(3676) C DLX = COMPLEX DETERMINANT OF D
(36?7) C
(3678) C XOU,XINIROW,ICOLDLX ARE ASSIGNED IN LABELED CONMNO/BIHV/
( 3679) C
(3680) CONMON'BINV/XIN(60,122),XOU(60,122),DLX(2),IROU(61),ICOL(6I)
(3681) IERR = 0
(3682) DLX(1) = 1.0
(3683) DLX(2) = 0.0
(3684) N2 = 2*N
(3685) DO 100 I=1I1
(3686) DO 100 J=1,N2

(368?) 100 XOU(IJ) =MIN(I,J)
(3688) M = 1+1
(3689) M2 = 2*M
(3690) MI = M2-1
(3691) DO 110 I=1,N
(3692) IROW(I) = I
(3693) 110 ICOL(I) = I
(3694) DO 250 K=1,N
(3695) K2 a 2*K
(3696) KI = K2-1
(3697) AREA = XOU(KK1)
(3698) AIMA = XOU(K, K2)
(3699) AMAX = AREA*AREA+AIMA*AIMA
(3700) IC=K
(3701) JC=K
(3702) JC2 = K2
(3703) JC1 = KI
(3704) DO 130 I=K,N
(3705) DO 130 J=K,1
(3706) J2 = 2*J
(3707) J1 = J2-1
(3708) BREA w XOU(I,J1)
(3709) BINA = XOU(I,J2)
(3710) BMAX a BREA*BREAeBIMA*BIMA
(3711) IF(BMAX-AMAX) 130,120,120
(3712) 120 AIAX = BMAX
(3713) IC = I
(3714) JC = J
(3715) JC2 z J2
(3716) JC1 = Ji
(3717) 130 CONTINUE
(3718) IF (K.EQ.IC) GO TO 131
(3719) kI = ICOL(K)
(3720) ICOL(K) = ICOL(IC)
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(3721) ICOL(IC) - KI
(3722) 131 IF (K EQ.JC) GO TO 134
(3723) KI a IROW(K)
(3724) IROW(K) IROV(JC)
(3725) IROU(JC) * KI
(3726) 134 IF (AMAX) 150,140,150
(3727) 140 IERR a -1
(3728) GO TO 320
(3729) 150 DO 160 Jl,N
(3730) J2 a 2*J
(3731) Ji a J2-1
(3732) El a XOU(KJl)
(3733) E2 - XOU(KJ2)
(3734) XOU(KJ1) a XOU(IC,JI)
(3735) XOU(K,J2) a XOU(IC,J2)
(3736) XOU(ICJ1) w El
(3737) 160 XOU(ICJ2) a E2
(3738) DO 170 ImlN
(3739) El XOU(I,KI)
(3740) E2 = XOU(IK2)
(3741) XOU(I,KI) = XOU(IJC1)
(3742) XOU(IK2) a XOU(I,JC2)
(3743) XOU(IJC1) - El
(3744) 170 XOU(I,JC2) a E2
(3745) DO 200 I=I,H
(3746) IF (I-K) 190,180,190
(3747) 180 XOU(I, l) - 1.0
(3748) XOU(IM2) = 0.0
(3749) GO TO 200
(3750) 190 XOU(I,MI) = 0.0
(3751) XOU(I,M2) = 0.0
(3752) 200 CONTINUE
(3753) PVT = XOU(K,K1)
(3754) QYT = XOUK,K2)
(3755) U = PVT
(3756) V = QVT
(3757) IF (K EQ IC.AND.K.EQ.JC.OR K.HE IC.AND K.NE.JC) GO TO 205
(3758) U = -U
(3759) V = -V
(3760) 205 W = U*IU+V*V
(3761) PVT = PVT/lW
(3762) QVT = -QVT/W
(3763) UI z DLX(I)*U-DLv(2)*V
(3764) U2 x DLX(I)*V+DLX(2)*U
(3765) DLX(1) = UIl
3766) DLX(2) = U2

(3767) DO 210 J=1,M'
t (3768) J2 = 2*J

(3769) J1 = J2-1
(3770) AREA = XOU(K,JI)
(3771) AIMA = XOU(K,J2)
(3772) XOU(K,JI ) = AREA*PVT-AIMA*QVT
'3773) 210 XOU(K,J2) = AREA*QVT+AIMA *PVT
(3774) DO 240 I=l,N
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(3??5)IF(I-K) 220,240,220
(3776) 220 BREA - XO(I1KI)
(3??) BINA m XOU(1 1K2)
(3??8) DO 230 Ju1~h
(3??9) J2 a 2*J
(3?80) Ji a J2-1,
(3781) XOUIJlJ) a XOU(I,-J1)-BREA*XOU(K,j1)+BINA*XOU(K,J2)
(3?82) 230 xuU(IJ2) - XOU(I,J2)-BREA*XOIJ(K,J2)-1MA4'XOU(K,J1)
(3783) 240 CONTINUE
(3784) 0O 250 Im11 N
(3785) XOU(I,KI) - XOU(IMl)
(3786) 250 XOU(I.,K2) a XOU(1 1N2)
(3787) 00 280 Iwi,N
(3798) DO 260 Lwl.N
(3789) IF( IROW( I)-L) 260,270, 260
(3790) 260 CONTINUE
(3791) 270 0O 280 JuI,N2
(3792) 280 XIN(LJ) a XOU(IJ)
(3793) DO 310 ja1,H
(3795) J2I 2J-
(3795) J1 a J2-1
(3796) DO 290 Lml*N
(3797) L2 = 2*L
(3?98) Li * L2-1
(3799) IF(ICOL(.J)-L) 290,3GOo29O
(3800) 290 CONTINUE
(3801) 300 DO 310 1-1,N

t(3802) XOU(I,LI) XIN( I, i1)
(3003) 310 XOU(I11 L2) =XIH(IJ2)
(3904) 320 RETURN
(3805) END
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(3806) SUBPOUTINE MOUTC A ,LM,NRAIR,IC,IRLAB,ICLAB,LINE,KW)
(3807' C A IS COMPLEX ARRAY
(38089, C REAL PARTS ARE IN ODD COLUMNS
(3809) C IMAGINARY PARTS ARE IN EVEN COLUMNS
(3810) C IR IS ARRqY OF INDICES FOR ROW (USED WHEN IR=I
(3811) C IC IS ARRAY OF INDICES FOR COL (USED WHEN ICul)
(3812) C HRA IS DIMENSIONED NO OF ROWS !N A
(3813) C OUTPUT FORM RE,ItM X XXXE XX, ,( XXXE XX

(3814' C LINE IS LINE NO ON PAGE OF FIRST OU-PUT LINE
(3815) DIMENSION A(NRA,I)
(3816) D!M!NSION IRLA8( ), ICLAB(
(3817) ICI I
(3818) IAI = 1
(3819) IC2 = MINO(5,M)
(3820) IA2 u 2*IC2
(3821) LINE=LINE+2
(3822) 100 ILL = 1
(3823 I L2 a MINO (58-LINEL)
(3824) IF (IL2.NE L) WGO TO 195
(3825) 110 IF (IC,EQ 1) GO TO 120
(3826) WRITE (KW,130) (I,I*IC1,IC2 "

(3827) GO TO 140
(3828) 120 WRITE (KW,130) (ICLAB(I),I=ICI,IC2)
(3829) 130 FORMAT (' 123,4124/)
(3830) 140 DO 170 I=ILI,IL2
(3831) IF (IR.EQ.I) GO TO 150
(3832) WRITE (KW,160) I,(A(I,J),J=IAI,IA2)
(3833) GO TO 170
(3634) 150 WRITE (KW,160) IRLAB(1),(A(I,J),J=IAIII2)
(3835) 160 FORMAT (16,4X,1P5(EI2.3,1H,,EZ1.3))
(3836) 170 CONTINUE
(3837) IF (I.GE.L) GO TO 190
(3838) ILl = IL2+1
(3839) IL2 - MIND (IL2+58,L)
(3840) WRITE (KW,180)
(3841) 180 FORMAT(/)
(3842) GO TO 110
(3843) 190 IF (IC2.GE.M ) GO TO 200
(3844) ICI = IC2+1
(3845) IAl = IA2+I
(3846) IC2 = MINO (IC2+5,M)
(3847) IA2 = 2*IC2
(3848) LINE=LINE+2
(3849) GO TO 100
(3850) 195 WRITE (KW, 185)
(3851) 185 FORMAT(IHI)
(3852) LIHE=0
(3853) GO TO 100
(3854) 200 RETURN
(3655) END
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(3856) SUBROUTINE KRAUTE(NF,NB,KS,KE,KW,IT,IS,F,Y,IRUN.TABLX,PLX.WLX,
(3857) *BIG,SMALL,SLANT,PN(ASE,JDG)
(3858) DIMENSION TR9LX(6O~l ),PLXU ).bJLX(ti:
(3859) DIMENSION ALX(22),AOLX(22),A2LX(22),DOLX(20),DILX(2,22,UJLX(2z,-
(3860) 4YLX(22)oZZLX(6),DETLX(2.22)
(3861) DIMENSION F( 1), Y( 1), M8(20), K8(20 ),BIG(1) .SMALL( 1

z(3962) DIMENSION X(4O,4O)P0SIT(76),RET11'),XINT11t'
(3863) DIMENSIONA(1l0,iO,0,CtO).M()A91'Di.E10
(3864) +..2(11)..zI(31O),Z2(3,1O),FSn.(11',.SLANT'v, PHASE'lfM?;10
(3865) DIMENSION !RLAB(40),ICLAB(40)
(3966) COMMON/BMAT/XLX(60V120),YLX(60,120),ZLX(6OA 1201,
(3867) +XHALF(20,40),YHALF(2O,40),ZHALF(20.40),QHALF(20,40?I'(3468) COMMON/PBINV/XIN(6O,122).XOU(6,i22),'l X(2) IROU(61NTCOL(s6ll
(3869) COMMON/UUS/H8iK8,XPOSIT

(3870) COMMON/CODA/K9(20)
(3871) COMMON/UUSA/RET,XINT
(3872) COMMONt'XGCON/SLOWRLAX, IGEN
(3873) COMMON/WR/LV, LR
(3874) CONMONICBEG/IBEG
(3875) LINE a 0
(3876) H40 a 40
(3877) "6-60
(3878) JRzI
(3879) IF (IGEN) 1,810,2
(3880) 1 K5MAX z-IGEN
(3981) GO TO 3
(3882) 2 K5MAX -IGEN
(3883) 3 CONTINUE
(3884) C CREATE MATRIX INTERPOLATION FILE
(3885) MF =NF-1

(3886) MF2 *2*MF

(387) Ni I
(3888) H2 HSN
(3889) N1O x Nfl-NB
(3890) N20 - N2+'NB
(3891) N202 z 2*N20
(3892) ISP = -1
(3893) 10 DO 60 I=N1,N2
(3894) DO 30 J=I1 H2
(3995) J2 a 2*J
(3896) Ji - J2-1
(3897) REWIND KS
(3898) DO 15 K-1,NF
(3899) K2 a 2*K
(3900) KI x K2-1
(3901) FSQ(K )=6 ,283185307**2*( F( K)s'F(<)
(3902) READ (KS) SPD,FRE1 ((YLX(IAJA),JA=1,H202),IA=1,N2O)
(3903) IF((FRE-F(K)).LE1l.E-5) GO TO 14
(3904) WRITE(Kii,iO00 K
(3905) 1000 FORMAT(44I1FAULTY DATA IN FILE (KS) AT FREQUENCY POII4T,13)
(3906) REWIND KS
(3907) REWIND KE
(3908) CALL EXIT

(3909) 14 IF(IRLVN .EQ. 2 OR. ?RUN EQ 4) READ (KS) (PLX(IA),IA=1,N202)
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(3910) ULX(K1) a YLX(I,J1)

(3911) Is ILX(K2) a YLX(I.J2)I
(3912) DO 20 Kul,.NF
(3913) KI a 2*X-1
(3914) 20 Y(K) a ULX(KI)
(3915) CALL SPLINE(ISP,NF.RET..XINT,FYZI,KW,IER)
3916i) IF (IER.NE.O) GO TO 006

(391?) DO 25 KwI,NF
(3918) K2 - 2*K
(3919) 25 Y(K) a ULX(K2)
(3920) IER a 0
(3921) CALL SPLINE(ISPNF,RET1 XINT,F,Y,Z2,KMIER)
(3922) IF (IER.NE.O) GO TO 006
(3923) WRITE (KE) ((ILX(K),Ku1,MF2),((Zl(IAK),Z2(IA,K)),IAIl,3),K1,NwF>
(3924) 30 CONTINUE
(3925) IF (IS.EQ.0) GO TO 60
(3926) REWIND KS
(392?) DO 45 KUI..NF
(3S28) K2 a 2*K
(3929) Ki a K2-1
(3s30) READ (KS) SPD,FRE,((YLX(1A.JA),JA-I,N2O2),IAui,H2O)
(3931) IF((FRE-F(K)).LE.l.E-d) lia TO 34
(3932) VRITE(KUM,1000) K
(3933) REWIND KS
(3934) REWIND KE
(3935) CALL EXIT
(3936) 34 IF(IRUN.EQ.2 AOR. IRUN.EQ.4) READ (KS) (PLX(IA)oIA1,oN202)
(3937) IF (N1.EQ.1) co rO 40
(3938) j I-Me
(3939) CO TO 42
(3940) 40 j I+N9
(3941) 42 J2 -2*J
(3942) J1 a J2-1
(3943) ULMIK) = YLX(I,Jl)
(3944) 45 ULX(K2) a YLX(IAJ2)
(3945) DO 50 Kw1,HF
(3946) KI a 2*K-1
(394?) 50 Y(K) a ULX(Kl)
(3940) JER * 0
(3949) CALL SPLItE(ISP,NFRETXIHTF 1Y,Z1,KWIER>
(3950) IF IER.NE.0) GO TO 806
(3951) 00 55 Kn1,NF
(3952) K2 a 2*K
(3953) 55 Y(K) - ULX(K2)
(3954) JER a 0
(3955) CALL SPLINE( ISP,NFRETXINTFY,Z2,KU1 IER)
(3956) IF (ZER.NE.O) GO TO 806
(3957) WRITE (KE) ((ULX(K),K=l,11P2),((Z1(lAK>oZ2( IA,K)),IAzI,3),K=I,tiF)
(3958) 60 CONTINUE
(3959) IF (NI.EQ.NIO) GO TO 65

L(3960) ml a NIO
(3961) H2 w N20
(3962) GO TO 10

(3963) 65 IROT * +ISr7
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(3964) C BEGIN ITERATION FOR EIGENVALUE
(3965) C K051 NUMBER OF EIGEN ROOTS FOUND
(3966) C K05 ROOT NUMBER BEING SOUGHT
(396?) 100 K0511 0
(3968) KBEG - 0 A
(3969) JBEG a 0
(39?0) 101 IF (IBEG.EQ.O.AND.JBEG.EQ.0) GO TO 105
(3971) 102 IF (KBEG.GE.KSMAX) GO TO 5001
(3972) KBEG a KSEG ,

(3973) IF (IBEGEQ.O) GO TO 102
(3974) KP19 - 1
(39?5) READ (LR,3000) PIO,C5
(3976) 3000 FORMAT (2020.4)
(39??) 105 K05 = K051+I1
(3978) K052 = 2*K05
(3979) K051 = K052-1
(3980) IDOWN = 0
(3981) KDOWN a 0
(3982) RESOLD x U.O
(3983) P? - 0.
(3984) KP9 = 0
(3985) IF (IBEG.NE.O) GO TO 120
(3986) C5 - 0
(398?) KPI 9O
(3988) C COMPUTE DETERMINANTS AT CONTROL FREQUENCIES
(3989) 120 CONTINUE
(3990) REWIND KS
(3991) K = 0
(3992) 121 K*K+I
(3993) K2 - 2*K
(3994) k1 - K2-1
(3995) READ (KS) SPD,FRE,((YLX(I,J),J=1.'4202),!=I,N2O
(3996) IF(IRUH EQ.2.OR.IRUH.EQ 4) REAVKS)(PLX(I0),IQ=1,N202)
(3997) ,5K a CS/FC'K)

(3998) DO 160 L=1,2
(3999) IF (IS.EQ.I) GO TO 130
(4000) IF (IROT.NE.L) GO TO 160
(4001) 130 NB a (L-I)*NB
(4002) LB - (2*L-3)*NB
(4003) DO 140 Iml,NB
(4004) 10 = I+MB
(4005) 12 v I+NB
(4006) DO 135 J=I,HB
(400?) JO = J+M8
(4008) J02 = 2*4O
(4009) 40 = J02-1
(4010) 41 JO-LB
(4011) J12 * 2*41
(4012) J11 J12-1
(4013) TABLX(IOJOI) z YLX(IO,JOI)/FSQ(K)
(4014) TABLX(1O,J02) a YLX(10,J02)/FSQ(K)
(4015) .F (I.EQ.J) TABLX(rOJ02) = TABLX(IOJC2)-C5K
(4016) IF (IS.EQ.0) GO TO 135
(401?) TABLX(I0,d11 )"YLX(IO,IJl1)/FSQ(K)
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(4018) TABLX( I0,J12)=YLX(I0,J12)/FSO(K)
(4019) 135 CONTINUE
(4020) 140 CONIINUE
(4021) 160 CONTINUE
(4022) IPID a 0
(4023) CALL PINVC(IPID,KU.NB,N40,N40,ISIROT,TRSLX,JDG'
(4024) C FACTORIZATION OF KNOWN EIGENVALUES
(4025) IF (KO5.EQ 1) CO TO 205
(4026) KI? = 0
(4027) A4LXI a 0.0
(4028) A4LX2 = 0.0
k4029) AILXI = 1 0
(4030) AILX2 = 0.0
(4031) DO 195 KO?=1,KOSM
(4032) K072 =2*KO?
(4033) KO?1 a KO?2-1
(4034) Q 02(KO7)
(4035) XQ = F(K)*F(K)
(4036) U = AMS(KO?)
(403?) SIZEB a EO(KO7)/XQ
(4038) AX = SIZE9-U
(4039) AY * AM7(KO? )/XQ-C5,'F( K)
(4040) SIZEA = AX*AX+AY*AY
(4041) SIZEB = SIZE9*SIZEB*2 50-08*RLAX
(4042) IF (SIZEA GE SIZEB) GO TO 180
(4043) WRITE (KW, 1010) KO?
(4044) 1010 FORMAT (/44H TRUNCATION UNCERTkINTY ENCOUNTERED AT ROOT 12,1H
(4045) KI? = KO?
(4046) A4LXI - 0.0
(404?) A4LX2 = 0.0
(4048) AILX! = 1.0
(4049) AILX2 = 0.0
(4050) DLX(1) =-Q*DILX(I,KO72)
(4051) DLX(2) = Q*DILX(IKO71)
(4052) GO TO 195
(4053) 180 82LXI = AX
(4054) B2LX2 = AY
(4055) AILXO z AILXI*B2LXI-AILX2*82LX2
(4056) AILX2 = A1LX1*B2LX2+A1LX2*B2lX1
(405?) AILXI = A&LXO
(4058) B2LXO = B2i.XI*82LXI+B2LX2*B2LX2
(4059) A4LXI = A4LXI+B2LX2/B2LXO
(4060) A4LX2 = A4LX2+B2LXI/B2LXO
(4361) 195 CONTINUE
(4062) ARLXO =AILXI*AILXI+AILX2*AILX2
(4063) AOLX(Kl) A1LXI/AILXO
(4064) AOLX(K2) =-AILX2/AILXO
(4065) AA2LX(KI) a A4LXI/F(K)
(4066) AA2LX(K2) = A4LX2/F(K)
(4067) DRE £ AOLX(KI)*DLX(1)-AOLX(K2)*DLX(2)
(4068) DIN AOLX(K1)*DLX(2)+AOLX(K2)*DLX(I"
(4069) DLX(1) x DRE
(4070) DLX(2) x DM
(4071) 205 DETLX(IROT,KI) DLX(1)
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(40?2) DETLX(IROTK2) = DLX(2)
(4073) IF (K.LT.HF) GO TO 121
(4074) C DETERMNHANT INTERPOLATION
(40?5) ISP a 1
(4076) IF(KP19.EQ.I) GO TO 228
(40??) IF (KBEG.EQ,O.AND.IBEG.EQ.-I. GO TO 228
(4078) DO 226 K=tNF
(4079) K2 = 2*K
(4080) KI a K2-1
(4081) 226 Y(K) m ALOGIO((DETLX(IROT,K1)**2+DETLX(IROT,K2)**2)*1O.O+1.0)
(4082) NIt100
(4083) IER = 0
(4084) CALL SPLINE(NINF,RET,XINTF 1 Y,Z11 KW,IER)
(4085) IF (IER.NE.O) GO TO 80F
(4086) IF(NI.EQ.I.AND.RET(1).GE.F(1).AND.RET(1).LE F(NF)) GO TO 22?
(408?) PIO = SQRT(F(1)*F(NF))
(4088) GO TO 228
(4089) 22? PIO=RET(1)
(4090) 228 DO 230 K=I,NF
(4091) K2 = 2*K
(4092) KI x K2-1
(4093) YILX(KI) = OETLX(IROTK1)
(4094) 230 Y(K) " YILX(KI)
(4095) XINT(1) = PIO
(4096) IER a 0
(4097) CALL SPLINE( ISP,NF,RET, XINT, FY, Zl, KW, IER)
(4098) IF (IER.NE.O) GO TO 806
(4099) P? a RET(1)
(4100) DO 235 K=1,HF
(4101) K2 = 2*K
(4102) YILX(K2) = DETLX(IROTK2)
(4103) 235 Y(K) 3 YILX(K2)
(4104) TER 0
(4105) CALL SPLINE(ISP,NF,RETXINTF,YZ2,KW, IER)
(4106) IF (ZER.NE.O) GO TO 806
(4107) R4LXI = P7
(4108) R4LX2 = RET(1)
(4109) C LOCATE FREQUENCY INTERVAL
(4110) KO=l
(4111) DO 1115 IK=I,MF
(4112) IF (PIO.GE.F(IK)) GO TO 1:15
(4113) KOmIK-1
(4114) GO TO 236
(4115) 1115 CONTINUE
(4116) KO=MF
(411?) 236 DF=PIO-F(KO)
(4118) DO 240 K=1,3
(4119) K2 = 2*K
(4120) KI = K2-i
(4121) 2ZLX(KI ) = ZI(K,KO)
(4122) 240 ZZLX(K2) = Z2(KKO)
(4123) R5LXI = ZZLX(1)
(4124) R5LX2 = ZZLX(2)
(4125) DOLX(K051) 2.0*ZZLX(3)
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(4126) DOLX(KO52) = 2.0*ZZLX(4)
(4127) IF (DF.EQ.O.) GO TO 241
(4128) R5LXI = RSLXI+DF*(2.0*ZZLX(3)+3.0*DF*ZZLX(5))
(4129) RSLX2 = RSLX2+DF*(2.0*ZZLX(4)+3.0*DF*ZZLX(6))
(4130) DOLX(K051) = DOLX(KOSI)+6.0*DF*ZZLX(5)
(4131) DOLX(K052) a DOLX(KO52)+6.O*DF*ZZLX(6)
(4132) 241 CONTINUE
(4133) RESNEW = R4LXI**2+R4LX2**2
(4134) IF (KP9.EQ.O) GO TO 243
(4135) RESRAT = RESHEW/RESOLD
(4136) IF (IDOWH.EQ.1) GO TO 242
(4137) IF (RESHEV.LE.RESOLD) GO TO 243
(4138) KDON = KDOWN.1
(4139) IF (KDOW.EQ.4) GO TO 393
(41'0) IDOWN 1
(4141) GO TO 243
(4142) 242 IF (RESNEU.LE.RESOLD) IDOUN 0
(4143) 243 RESOLD = RESNEW
(4144) C COMPUTE C-DERIVATIVES OF DETERMINANTS AT CONTROL FREQUENCIES
(4145) REWIND KS
(4146) K = 0
(4147) 245 K = K+
(4148) K2=2*K
(4149) K1=K2-1
(4150) READ (KS) SPD,FRE,((YLX(I,J ,J=I,N202),I=l,N2O)
(4151) IF(IRUH.EQ.2.OR.IRUH.EQ 4) READ(KS) (PLX(IQ),IQ=l,H202)
(4152) PSRE = 0.0
(4153) PSIM = 0 0
(4154) C5K = C5/F(K)
(4155) X1 = I./F(K)
(4156) DO 330 N=1,2
(4157) IF (IS.EQ.1) GO TO 252
(4158) IF (IROT.NE.N) GO TO 330
(4159) 252 MA=(N-I)*HB
(4160) DO 325 I=I,HB
(4161) tlX=M+MA
(4162) MX2 = 2*MX
(4163) MXI = MX2-1
(4164) DO 310 L=1,2
(4165) IF (IS.EQ.I) GO TO 255
(4166) IF (IROT.NE.L) GO TO 310
(4167) 255 NB = (L-I)*NB
(4168) LB - (3-2*L)*NB
(4169) DO 280 I=I,HB
(4170) 10 = I+MB
(4171) 12 a I+B
(4172) DO 2?5 JzlNB
(41?3) JO J+MB
(41?4) J02 x 2*J0
(4175) JO - J02-1
(4176) J1 JO+LB
(41??) J12 = 2*Jl
(417 ) J11 = J12-1
(4179) IF (I.EQ.J) GO TO 265
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r4180~ TABLX(I0,JO1) - YLX(IO1 JO1)/F$Q(K)
4181) TABLX(101 J02) - YLX(10,J02)/F$Q(K)
(4182) IF (IS EG.O) GO TO0 275
(4133) TABLX(IO,J11) - 0.0
(4184) TA9LX(IO,J12) = 0.0
(4185) GO TO 275
(4186) 265 IF (N.NE L.OR.I.NE.M) GO TO 270
( 418?) TABLX(IOJO1 ) = 1 .0
(4188) TABLX(10,J02) a 0.0
(4180) GO TO 272
(4190) 270 TABLX(IO,JO1) = YLX( 1 ,JO I)/'FSQ( K
(4191) TABLX(10,J02) a YLX( 1 J02)/FSQ( K)-C5K
(4192) 272 IF (IS. EQO> GO TO 275
(4193) TABLX(101 Jl1> = YLX(10, J1 /FSQ( K
(4194) TABLX(I0 1 J12) - YLX(IO,JI2)/FSO(K)
(4195) 275 CONTINUE
(4196) 260 CONTINUE
(419?) 310 CONTINUE
(4198) IPID a 0
(.4199) CALL PIMVC(IPID,KbNB,N40..N40,ISIR0TTABLXVJDG)
(4200) P5RE = PSRE4DLX(t)
(4201) P5111 = PSIPI+DLX(2)
(4202) TABLX(PIX,MX1) 0.0
'.4203) TABLX(MX,t1X2) =0.0

4204) TPID = 0
4205) CALL PINVC(IPID,KU,NBH4OH401 lS IROT, TABLX..JDG)

(4206) P5RE a P5RE-DLX(1)
(4207) P51M a P5111-DLX(2)
(4208) 325 CONTINUE
(4209) 330 CONTINUE
(4210) DLX(l) =XI*P5IM
(4211) DLX(2) =-XI*P5RE
(4212) C FACTORIZATION OF KNOWN EIGENVALUES
(4213) IF (K05,EQ.1) GO TO 340
(4214) IF (K1?.EQ.O) GO TO 335
(4215) 9 = 2(KI7)
(4216) DLX(1) = (R5LXL-R4LX1/Q)/O
~4217) DL.X(2) = (RSLX2-R4LX2/'0)/Q
(4218) K172 =2*K1?
(4219) Ki171 K172-1
(4220) DLX( I = DLX( 1)4DILX(2oKI72)
(4221) DLX(2) a DLX(2)-D1LX(2,KI71)
(4222) CONST *2.0*AM8(KL7)/g
(4223) ORE = OLX(2)/CONST
(4224) DIM z-DLX(1)/CONST
(4225) DLX(1) = AOLX(Ki)*DRE-AOLX(K2)*DIM+AA2LX(Kl)*Y1LX(K1)
(4226) -2L(2 )*YILX(K2 )
(4227) 335 DLX(2) :2 AOLX(K1)*DIII+AOLX(K2)*DRE+AA2LX(KI )*Y1LX(K2'I
14228) + +AA2LX(K2 )*YiLXkK1)
(4229) 340 YILX(KI) = DLX(1)
(4230) Y1LX(K2) = DLX(2)
4231) IF (K.LT.NF) GO TO 245

(4232) C C-DERIVATIVE INTERPOLATION
(4233) DO 345 K=1,NF
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(4234) KI z2.'K-1

(4235) 345 Y(K) a YlLX(K1)
(4236) XINT(1)=P1O
(423?> IER a 0
(4238> CALL SPLINE( ISP.-NFRET*XtNTFYZt1 KWI.IER)
(4239) IF (IER.NE.O) GO TO 806
(4240) R6 a RETM)
(4241) DO 350 Kz11 NF
(4242> K2 a 2*K
(4243) 350 Y(K) x YILX(K2)
(4244) IER a 0
(4245) CALL SPLIHE( ISP1-NFRET,-XINT,F,YZ2KWIER)
(4246) IF (IER.NE.O) GO TO 806
(4247) D1LX(1.-KOSI) a R6
(4248) DILX(1,K052) a RET(1)
(4249) DO 355 K=1,3
(4250) K2 -2*K
(4251) Ki a K2-1
(4252) ZZLX( KI ) a 21 (K, KO)
4253) 355 ZZLX(K2) - 22(KKO)

(4254)IF (DF.EQ.O.) GO TO 356
(4255) ZZLX(1) = ZZLX(1)+DF*(2.0*ZZLX(3)+3.0*DF*ZZLX(5))
(4256) ZZLX(2) aZZLX(2)+DF*(2.0*ZZLX(4)+3.0*DF*ZZLX(6))
(425?) 356 DlLX(2,KO51) = ZZLX(l)
(4258) DILX(2,K052) x ZZLX(2)
(4259) C ESTIMATE RESIDUE
(4260) DILXO =DILX(1.,KOSI)**2,O1L>X(I,KO52)**2
(4261) DLX(1) =(R4LXI*DILX(1,K051)+R4LX2*DILX(1,K052)>/DILXO
(4262) DLX(2) =(R4LX2*DlLXU,.K051)-R4LXI*DILX( 1,K052))/DILXO
(4263) WHUVI (R5LXI*DILX(1,K051)+R5LX2*DILX(1,K052))/DILXO
(4264) PJHUV2 =(R5LX2sDILX(1,K051)-R5LXI*DILX(,KO52),'DLXO
(4265) P8 =-DLX(2)/UHUV2
(4266) C9 r.-DLX( I)-WNUVI *P8
(4267) El = (P8*PS+C9*C9)/(PIO*Pl10&C5*C5)
(4268) KP9 =KP9+1
4269) IF(fBS(C9).GE.l00.O.AND.EI.GT. l.OE-03) C9=C9*O.01
(4270) El = EI/RLAX
(4271) Q3=PIO
f 4272) KP19=0
'427.3) 02(1(05) P10
.42i'4) AC5(KOS) C5
(4275) AM8(KO5, =-WHUV2/2.O
(4276> EO(KO5) AM8(K05)*PIO*PlO
(4277) AM?(fKO5) =(PIO*WNUV1+C5)*PIO/2.0

'.4278) IF (A8S(WNUV2).LT.1.OE-20>) GO TO 364
(4279) B(K05) =-CS/WNUV2/PIO
(4280) AM9(KO5) = (C5/PIO-WNUVl)/WHIJV2/2.0
(4281) 364 IF (IGEH.GE.0.OR.KP9.NE 1) GO TO 364'1
(4282> WRITE(KW,1091)
(4283) 1091 FORMA7i(IHI)
~4 2o'4 WRITE (Ku, 1060)
(4285) 1060 FORMAT (/49H I FREG DA~MP MODAL MA~SS DAMt~P RA~TIO
(4286) +4lHF-CftANGE C-CIIANGE RESIDUE D CHECK)
(4287) 3641 IF (IGE14.LT.0> WRITE (KW,1061) KP91 P1O,C5,AM8'%KO5),etlKO5>,
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(4288) +P8,C9,RESOLD,AM9(K05)
(4289) 1061 FORMAT (13,IP9D01.3)
(4290) IF(EI.GT.1 DE-12.OR.RESRAT GT l.OE-02) GO TO 365
(4291) KO5M = KOS
(4292) GO TO 395
(4293) C TWO-PARAMETER NEWTON-RAPHSON ITERATION
(4294) 365 IF (KP9.GE.20) GO TO 394
(4295) PNEW * P10+P8
(4296> PIO=PNEW
(429?) IF(PHEW-F(1)) 370,382,380
(4298) C LOWER-BOUND RESET
(4299) 370 IF(Q3.EQ.F(I)) GO TO 371
(4300) IF(Q3.EQ.F(NF)) GO TO 371
(4301) C9=C9*(F(1 )-Q3)/P8

(4302) PIOmF(1)
(4303) IF (IGEN.GT.O) GO TO 382
(4304) WRI TE(KW, !O80O)
(4305) 1080 FORNRT(/18H LOWER-BOUND RESET)

4306) 382 KP19= i

(4307) 371 CSuC3+C9*SLOW
(4308) GO TO 120

(4309) 380 IF(PNEW-F(NF )) 382,382,385
(4310) 385 IF(03.EQ.F(NF)) GO TO 371
(4311) IF( Q3 EQ .F( I)) GO TO 3 1
(4312) C9=C9*(F(HF)-Q3),'PS
( 4313) PO=F(NF)
(4314) IF (IGEN GT.O) GO TO 392
(4315) WRITE(KW,1090)
(4316) 1090 FORMAT(/1N UPPER-BOUND RESET)
(4317) GO TO 382
(4318) 393 IF (IGEN.LT.O) WRITE (KU,1085) KP9,K05
(4319) 1085 FORNAT(/2?HOITERATION OSCILLATES AFTERI3,17H TRIALS FOR ROOT#,13)
(4320) GO TO 500
(4321) 3931 KDOWN = 0
(4322) IDOWN = 0
(4323) GO TO 243
(4324) 394 IF (IGEN.LT.O) WRITE (KW,499)
(4325) 499 FORMAT (//45H AFTER 20 ITERATIONS, NO EIGENVALUE IS FOUND /)
(4326) GO TO 500
(4327) C COMPUTE FACTORIZATION FUNCTIONS
(4328) 395 IF(KOS.GE.KSMAX) GO TO 5001
(4329) DO 400 K=I,NF
(4330) R9 = (F(K)-Q2(KOSM))*(F(K)+ 2(KO5M))/FSQ(K)*39.478417
(4331) AI(KO5M,K) = R9*AM8(KO5M)
(4332) 400 CONTINUE
(4333) GO TO 101
(4334) C COMPUTE EIGENVECTORS
(4335) 500 JBEG = 1
(4336) Go TO 101
(4337) 5001 IF (ISEQ.l) GO TO 503
(4338) IF (IROT.EQ.2) GO TO 502
(4339) WRITE(KWo092) KOSM
(4340) 1092 FORMAT (1HI,32HNUMBER OF CO -ROTATIONAL MODES =,13)
(4341) GO TO 503
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(4342) 502 WRITE(KW,1093) KOS
(4343) 1093 FORMAT (1HI,32HNUMBER OF CTR-ROTATIONAL MODES =,13)
(4344) 503 CONTINUE
(4345) IF (KOSM.EQ.O) GO TO 805
(4346) C REORDER EIGENVALUES
(4347) DO 510 Mz1,KO5S
(4348,, IF (M.EO.KOSH) GO TO 510
(4349) AMIN = 02(M)
(4350) INDEX z M
(4351) 8P1 a 1+1
(4352) DO 505 N*MPI,KO5M
(4353) IF (A1IN.LE.Q2(N)) GO TO 505
(4354) INDEX z N
(4355) AMIN 0 02(N)
(4356) 505 CONTINUE
(4357) IF (INDEX.EQ.N) GO TO 510
(4358) SWAP a Q2(M)
(4359) Q2( M) a Q2(IHDEX)
(4360) Q2(INDEX) = SWAP
(4361) SWAP = B(M)
(4362) 8(M) = B(INDEX)
(4363) B(INDEX) = SWAP
(4364) SWAP = A18(f)
(4365) AN8(M) = AM8(INDEX)
(4366) AM8(INDEX) = SWAP
(4367) SWAP = AM9(M)
(4368) A9(M )=AM(INDEX)
(4369) Ag9(INHDEX)=SWAP
(4370) SWAP = AM?(M)
(4371) AMT(MN)=AM9(INDEX)
(4372) AMP7(INDEX)=SWAP
(4373) SWAP=EO(M)
(43?4) EO(M)=EO(INDFX)
(4375) EO(INDEX)=SWAP
(4376) 510 CONTINUE
(4377) DO 800 M=I,KOSM
(43?8) C LOCATE FREQUENCY INTERVAL
(4379) DO 515 K=2,MF
(4380) IF (02(M).LT.F(K)) GO TO 520
(4381) 515 CONTINUE
(4382) KO - MF
(4383) 4iO TO 525
(4384) 520 KO = K-1
(4385) 525 K02 = 2*KO
(4386) KOI = K02-1
(4387) DF = Q2(M)-F(KO)
(4388) C CALCULATE INTERPOLATED MATRIX ELEMENTS
(4389) REWIND KE
(4390) C50=02(M)*AC5(l)

t(4391) Ni =
(4392) N2 = NO
(4393) DO 576 L=1,2
(4394) IF(IS.EQ.O.AND.L.NE.IROT) GO TO 576
(4395) MB = (L-I)*NB
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(4396) LB S (2*L-3)*NB
(4397) DO 575 I=NI,N2
(4398) 10 I+mB
(4399> 102 w 2*10
(4400) 101 = 102-1
(4401) 11 10-LB
(4402) 112 = 2*11
(4403) III = 112-I
(4404) DO 570 J-I,N2
(4405) JO " J+MB
(4406) J02 2*JO
(4407.) JO1 J02-1
(4408) JI * JO-LB
(4409) J12 = 2*JI
(4410) J11 J12-1

(4411) READ (KE) ((ULX(K),K=I,1F2),'(ZIIA,I ,Z2 IA,K),,IA=1,3 ,I =I,M F)
(4412) AILX1 - 0.0
(4413) AtLX2 = 0.0
(4414) IF (DF.EQ.O.) GO TO 555
(4415) DO 550 K=1,3

(4416) KI a 4-K
(4417) AILXI = DF*(AILXI+ZI(KIKO))
(4418) 550 AILX2 = DF*(AILX2+Z2(KI,KO))
(4419) 555 TABLX(IOJOI) = AI'LXI+ULX('KOI)
(4420) TABLX(IO,J02) x AILX2+ULX(KO2)
(4421) YLX(IO,JOI) = TABLX(I0,JO1)
(4422) IF (I.HE.J) GO TO 557
(4423) YLX(IO,J02) = TABLX(IO,J02)-C50
(4424) GO TO 570
(4425) 55? YLX(1O,J02) = TABLX(IO,J02)
(4426) TABLX(JOIOI) = TABLX(10,JOI)
(4427) TABLX(JO,102) = TABLX(I0,J02)
(4428) YLX(JO,101) = YLX(IO,JOI)
(4429) YLX(JO,102) = YLX(10,02)
(4430) TABLX(IO,JII) = 0.0
(4431) TABLX(1O,J12) a 0.0
(4432) TABLX(JO,1 11) = 0.0
(4433) TABLX(JO,112) = 0.0
(4434) YLX(IO,JI) = 0.0
(4435) YLX(10,J12) = 0.0
(4436) YLX(JO,Il1) = 0.0
(4437) YLX(JO,112) = 0.0
(4438) 570 CONTINUE
(4439) IF (IS.EQ.O) GO TO 575
(4440) READ (KE) ((ULX(K),K=I,IF2),((ZI(IA,K),Z2( IA,K)),IA=I13),K=I,NF)
(4441) AILXI = 0.0
(4442) AILX2 s 0.0
(4443) IF (DF.EQ.O ) GO TO 574
(4444) DO 573 K=1,3
(4445) KI = 4-K
(4446) AILXl = DF*(AILXI+ZI(KI,KO))
(4447> 573 AILX2 = DF*(AILX2+Z2(KI,KO))
(4448) 574 TABLX(IOIII) = AILXI+ULX(KOI)
(4449) TABLX(IO,112) x A1LX,2+ULX(K02)
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(4450) YLX(IO, Il) TABLX(IO 111)
(4451) YLX(IO,112) = TABLX(10,112)
(4452) 575 CONTINUE
(4453) 576 CONTINUE
(4454) IF (JOG.NE.6) GO TO 578
(4455) DO 5?7 I=l,N20
(4456) IROW(I) = I
(4457) ICOL(I) = I
(4458) 57? CONTINUE
(4459) WRITE (KW, 1001)
(4460) 1001 FORMAT (23HIMOOE SHAPE DIAGNOSTICS//19H MODIFIED IMPEDANCE)
(4461) CALL MOUTC(YLX,N20,N20,M6,JRJRIROW,ICOL,LIHE,KW)
(4462) C CALCULATE CHARACTERISTIC VECTOR
(4463) C INVERT MODIFIED IMPEDANCE

(4464) 578 N2 = NB+IS*N8
(4465) IDx1
(4466) CALL PIHVC(ID,KW,HB, N40N40,IS,IROT,YL ,,JDG)
(4467) IF (JDG.NE.6) GO TO 580
(4468) DO 579 I=l.,N20
(4469) IROW(1) = I
(4470) ICOL(1) = I
( 4471) 579 CONTINUE
(4472) WRITE (KW, 1002)

(4473) 1002 FORMAT (//30H INVERSE OF MODIFIED IMPEDANCE)
(4474) CALL MOUTC(YLX, N20,N2OM6,JRJRIRO(J,ICOL,LINE,KW)
(4475) WRITE (KW, 1091)
(4476) C SEARCH FOR LARGEST ELEMENT
(447?) 580 KMAX = 0
(44?8) DO 606 K=1,H2
(4479) DO 606 1=1,N2
(4480) 12 = 2*1
(4481) II = 12-I
(4482) IF (K9(I).EQ.2) GO TO 606
(4483) rAY = YLX(KI1)**2+YLX(K,12)**2
(4484) IF (KMAX.EQ.I) GO TO 602
(4485) KNAX = I
(4486) GO TO 604
(4487) 602 IF (TRY.LE.AMAX) GO TO 606
(4488) 604 AMAX = TRY
(4489) I = I
(4490) KX = K
(4491) 606 CONTINUE
(4492) C HORNALIZATIO,
(4493) IX2 = 2*IX

(4494) IXI - IX2-1
(4495) DLX(1) = YLX(KXIXI)
(4496) DLX(2) = YLX(KX,IX2)
(4497) DLO = DLX(1)**2+DLX(2)**2
(4498) LB S (2*IROT-3)*NB
(4499) MB (IROT-I)*NB
(4500) DO 720 I=1,N2
(4501) 10 a I
(4502) IF (IS.EQ.,1) GO TO 718
(4503) 10 IO+MB
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(4504) It - 10-LB
(4505) 112 a 2*11
(4506) I11 a 112-1
(4507) WLX(I1I) a 0.0
(4508) WLX(112) a 0.0
(4509) 719 102 a 2*10
(4510) 101 x 102-1
(4511) WLX(I01) a (YLX(IOIXI)*DLX(I)+YLX(IO,I)X2)*DLX(2))/CLO
(4512) WLX(102) a (YLX(I0,IX2)*DLX(1)-YLX(IO,IX1)*DLX(2))/DLO
(4513) ?20 CONTINUE
(4514) C RESPONSE/NODE-SHAPE TABULATION
(4515) IOR a 0
(4516) JOR a 0
(4517) IFLAG a 0
(4518) IF (IRUN.EQ.2) SPD 92(M)
(4519) RPM a 60.O*SPD
(4520) ?22 DO 725 Iwl,NB
(4521) 12 a 2*1
(4522) 11 a 12-1
(4523) L a I+NB
(4524) L2 a 2*L
(4525) LI x L2-1
(4526) ?25 CALL ORBIT(1OR,BIG(I),SMALL(I),SLANT(I),PHASE(I),WLX(II),"LXC(12),
(4527) + ULX(LI),WLX(L2))
(4528) IF (IFLAG.EQ.O) GO TO 727
(4529) WRITE (KW,1011)
(4530) 1011 FORMAT (///IH RESONANT RESPONSE)
(4531) IF(IT.EO.O) GO TO 1016
(4532) CALL XCITAB(KW,ITNB,MB,K8,PLX)
(4533) WRITE (KW,1 012)
(4534) 1012 FORMAT (//15N RESPONSE ORBIT/)
(4535) GO TO 728
(4536) 1016 CALL XCITAB(KW,IT,NBM8,K8,ALX)
(4537) WRITE (KW,1012)
(4538) GO TO 728
(4539) 727 IF (IRUN.EG.4.OR.M.EQ.1) WRITE (KW,1091)
(4540) WRITE (KW,1015) RPM,Q2(M),B(M),AM9(M)
(4541) 1015 FORMAT(19HOROTATIONAL SPEED =,1PEII.4,4H RPM/I?H FREQUENCY
(4542) +,2H =,EII.4,4H HZ/19H CRIT DAMP RATIO =,Eli.4/
(4543) +19N PRECISION INDEX =,E11.4)
(4544) WRITE (KI ilO)
(4545) 1110 FORMAT (19H NATURAL MODE SHAPE)
(4546) 728 CALL ORBTAB(KWNB,M,KOSPD,02(M ),BIGSMALL,SLANTPHASE,POSIT, JOR)
(4547) IF (IFLAG.GT.O.OR.IRUN.EQ.5) GO TO 800
(4548) C RESONANT RESPONSE
(4549) IFLAG = 1
(4550) C FORCE INTERPOLATION
(4551) DO 756 I=lN20
(4552) 12 a 2*1
(4553) 11 x 12-I
(4554) IF (IRUH.EQ.2.AND.I.GT.NB) GO TO 755
(4555) REWIND KS
(4556) DO 752 KalNF
(4557) K2 = 2*K
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(4558) KI " K2-1
(4559) READ(KS) SPD,FRE,((YLX(II,JI ),JI=I,Ne02),ll=tN20)

(4560) READ (KS) (VLX(II),IIrIN202)
(4561) ULX(K1) = WLX(II)
(4562) 752 ULX(K2) - WLX(12)
(4563) DO 153 Kal,NF
(4564) KI m 2*K-1
(4565) 753 Y(K) ULX(KI)
(4566) XINT(1) = Q2(M)
(4567) IER a 0
(4560) CALL SPLINE (ISP,NF,RET,XlHT,F.Y,Z1,KW,IER)
(4569) IF (IER.NE.O) GO TO 806
(45?0) REP a RET(1)
(4571) DO 754 K-I,NF
(45?2) K2 = 2*K
(4573) 754 Y(K) * ULX(K2)
(4574) IER " 0
(45?5) CALL SPLIHE (ISP,NFRETXINT,F,Y,Z2,KW,IER)
(4576) IF (IER.NE.0) GO TO 806
(4577) PLX(I1) = REP
(4578) PLX(12) = RET(1)
(4579) GO TO 756
(4580) 755 PLX(II) = 0.0
(4581) PLX(I2) = 0.0
(4582) 756 CONTINUE
(4583) C ENSURE WHIRL REPRESENTATION
(4584) DO 765 11,NB
(4585) 12 - 2*1
(4586) It = 12-1
(4587) L = I+Nl
(4588) L2 2*L
(4589) LI a L2-1
(4590) IF(IT.EQ.1) GO TO 760
(4591) ALX(II) = PLX(I1)
(4592) ALX(12) a PLX(12)
(4593) ALX(LI) a PLX(LI)
(4594) ALX(L2) a PLX(L2)
(4595) GO TO ?65
(4596) 760 ALX(II) = O.5*PLX(II)
(4597) ALX(12) a 0.5*PLX(12)
(4598) ALX(LI) = ALX(Il)
(4599) ALX(L2) = ALX(12)
(4600) DLX(1) --0.5*PLX(L2)
(4601) DLX(2) a O.5*PLX(LI)
(4602) ALX(II) a ALX(I1)+DLX(I)
(4603) ALX(12) = ALX(I2)+DLX(2)
( (4604) ALX(L1) a ALX(L1)-DLX(I)
(4605) ALX(L2) a ALX(L2)-DLX(2)
(4606) ?65 CONTINUE
(4607) C RESPONSE CALCULATION
(4608) IF (JDG.NE,.6) GO TO 769
(4609) DO 76? 1=I,N20
(4610) IROV(I) I I
(4611) ICOL() I
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(4612) 767 CONTINUE
(4613) WRITE (KW, 1003)
(4614) 1003 FORMAT (21HIRESPONSE DIAGNOSTICS//23H INTERPOLATED IMPEDANrrP)
(4615) CALL HOUTC(TA9LXN20,N20,1 M6,JRJRIROW,ICOL,LINE,KV)
(4616) C INVERT IMPEDANCE MATRIX
(4617) ?69 ID a 1
(4618) CALL PINVC(D,K, NB, N4ON40 ISIROTTABLXJDG)
(4619) IF (JDC.NE.6) GO TO ?62
(4620) DO 760 1.l,N20
(4621) IROW(I) a I
(4622) ICOL(I) a I
(4623) 768 CONTINUE
(4624) WRITE (KW, 1004)
(4625) 1C04 FORMAT (//34H INVERSE OF INTERPOLATED IMPEDANCE)
(4626) CALL NOUTC(TABLXN2ON20,M6,JRJRIROW, ICOL,LINE,KW)
(4627) WRITE (KW, 1091)
(4628) ?62 DO 770 Il,NB
(4629) 12 a 2*1
(4630) 11 = 12-1
(4631) L x I+NB
(4632) L2 a 2*L
(4633) LI a L2-1
(4634) WLX(I1) a 0.0
(4635) WLX(12) = 0.0
(4636) WLX(Lt) a 0.0
(463?) WLX(L2) = 0.0
(4638) DO 770 J=t,NB
(4639) J2 = 2*J
(4640) Ji = J2-1
(4641) K a J+NB
(4642) K2 a 2*K
(4643) KI m K2-1
(4644) WLX(II)uWLX(11)+TABLX(I,J1)*ALX(J1)-TABLX(I,J2)*ALX(J2)
(4645) WLX(12)=WLX(12)+TABLX(I,J2)*ALX(Jt)+TRBLX(I,Jl)*ALX(J2)
(4646) IF (IS.EQ.O) GO TO 766
(4647) WLX(L1)aWLX(L1)+TABLX(L,J1)*ALX(J1)-TABLX(L,J2)*ALX(J2)
(4648) WLX(L2)=WLX(L2)+TABLX(L,J2)*ALX(J1)+TABLX(L,J1)*ALX(J2)
(4649) IF (IRUN.EQ.2) GO TO 7?0
(4650) WLX(I1)=WLX(I1)+TABLX(I,K1)*ALX(K1)-TABLX(I,K2)*ALX(K2)
(4651) WLX(12)-WLX(12)+TABLX(I.K2)*ALX(Kt)TABLX(I,K1)*ALX(K2)
(4652) 766 WLX(LI).WLX(L1)+TABLX(L,K1)*ALX(K1)-TABLX(L,K2)*ALX(K2)
(4653) WLX(L2)=WLX(L2)+TABLX(LK2)*ALX(K1)+TABLX(L,KI)*ALX(K2)
(4654) ?70 CONTINUE
(4655) GO TO 722
(4656) 800 CONTINUE
(4657) 805 IF (IROT.EQ.2.OR.IRUN.EQ.2) GO TO 810
(4658) IROT a 2
(4659) GO TO 100
(4660) 806 WRITE (KW, 1200)
(4661) 1200 FORMAT (/49N ERROR ENCOUNTERED DURING EXECUTION OF SUBROUTINE,
(4662) +8N SPLINE.)
(4663) CALL EXIT
(4664) 810 CONTINUE
(4665) RETURN
(4666) END
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